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ABSTRACT 


Observational  research  results  dealing  with  the  general  circu¬ 
lation  of  the  atmosphere,  obtained  from  investigations  carried  on  at 
M'  d  during  the  past  seventeen  years  are  summarized  for  more  conven¬ 
ient  reference,  primarily  with  a  view  to  the  study  of  analogous  behavior 
in  certain  respects  of  other  cosmical  fluid  systems  such  as  the  solar 
atmosphere  in  particular,  A  total  of  seventy  six  selected  papers  are 
included  in  the  volume,  together  with  a  preface  and  foreword  by  the 
compilers.  A  list  of  project  reports  issued  during  the  period  is  also 


appended. 


PREFACE 


Economy  of  effort  in  scientific  research  demands  that  progress 
in  each  branch  of  study  be  shared  with  others  involving  similar  or  par¬ 
tially  similar  problems.  The  benefits  of  such  cross-bracing  have  long 
been  noted  and  many  historic  instances  can  be  cited.  It  has  come  to  the 
attention  of  the  editors  of  this  volume,  as  well  as  to  many  of  our  asso¬ 
ciates,  that  some  of  the  characteristic  mechanisms  of  the  earth's  atmos¬ 
pheric  general  circulation  repeat  themselves  in  other  cosmic  -fluid  masses. 
That  this  is  so  can  no  longer  seriously  be  doubted.  Evidence  for  it  is 
being  given  not  only  by  meteorologists  but  also -by  astronomers,  in  the 
case  of  the  solar  atmosphere,  the  galaxies  and  other  fluid  bodies. 

Whereas  our  colleagues  in  astronomy  have  l>een  most  generous 
in  making  available  their  findings  in  numerous  books,  'journals  and  more 
common  printed  media  of  communication,  the  meteorologists  have  yet 
to  make  good  a  reciprocal  offer  of  findings  and  newly  gotten  information 
in  their  own  field.  We  hope  that  the  material  here  printed  will  at  least 
in  a  small  way  be  helpful  in  this  respect. 

This  volume  contains  a  selection  of  papers  dealing  with  observa¬ 
tional  research  concerning  the  general  circulation  of  the  atmosphere 
and  related  topics.  The  bulk  of  this  work  was  performed  at  the  Massa¬ 
chusetts  Institute  of  Technology  during  the  past  seventeen  years  under 
sponsorship  of  the  U.  S.  Air  Force.  Some  of  the  work  concerning  the 
stratosphere  was  also  supported  by  the  U.  S.  Atomic  Energy  Commission 
during  the  later  portions  of  this  period.  The  observational  study  of  a 
laboratory  model  (see  p.  193)  was  made  at  the  Hydrodynamics  Laboratory 
of  the  University  of  Chicago. 

In  view  of  the  character  of  the  present  compilation,  it  may  be 
regarded  as  fulfilling  in  some  measure  the  purposes  of  a  companion 
collection  to,  "Selected  Papers  on  the  Theory  of  Thermal  Convection 
with  Special  Applications  to  the  Earth's  Planetary  Atmosphere",  by 
B.  Saltzman,  Dover  Publications,  1962.  Whereas  the  Dover  publication 
presents  theoretical  approaches  to  the  subject,  the  present  work  aims  to 
depict  the  dynamic  processes  actually  present  from  observational  evidence. 

It  has  in  the  past  been  our  custom  to  issue  a  series  of  MIT  reports 
entitled  "Studies  of  the  Atmospheric  General  Circulation".  Since  these 
were  printed  in  limited  editions  only,  the  earlier  ones,  particularly  the 


-iii- 


first  dated  May  1954,  quickly  became  unavailable.  Numerous  requests 
for  them  have  been  addressed  to  us  through  the  years.  It  is  our  hope 
that  the  existing  need  thus  evinced  will  hereby  be  largely  answered. 


Victor  P.  Starr 

Massachusetts  Institute  of  Technology 
June,  1966 


NOTE 


Due  to  the  relationship  of  this  volume  to  the  Dover 
Publication  ment  i  oned  above,  we  have  been  fortunate  in  securing 
the  expert  assistance  of  Dr.  Barry  Saltzman  of  the  Travelers 
Research  Center,  Inc.,  i  n  t  he  compilation  of  the  present  collection. 


Foreword 


Since  this  compilation  deals  with  a  continuing  program  of  observa¬ 
tional  research  on  the  basic  nature  of  the  general  circulation  of  the  earth's 
atmosphere,  it  seems  fitting  to  begin  with  a  few  remarks  concerning  what 
we  believe  to  be  the  guiding  aims  and  rationale  for  the  work  involved. 

We  are  probably  not  oversimplifying  the  matter  by  saying  that  the 
observational  studies  reprinted  in  this  collection  have  been  motivated  by 
two  main  goals:  the  achievement  of  an  ever  more  complete  global  statis¬ 
tical  description  of  the  atmosphere,  in  terms  of  the  distribution  in  time 
and  3pace  of  all  its  properties  (e.  g. ,  motion,  temperature,  pressure, 
content  of  water  and  other  components);  and  the  achievement  of  that 
"understanding"  of  these  statistics  which  can  only  come  through  demon¬ 
strations  of  their  consistency  with,  and  deducibility  from,  the  fundamental 
physical  laws  and  the  special  boundary  and  state  conditions  which  define 
the  earth-sea-atmosphere  system.  Since  we  mean  by  "statistical  descrip¬ 
tion"  not  only  the  average  conditions,  but  also  the  variabilities  and  bounds 
measured  by  the  higher  moments  of  the  probability  distributions,  these 
goals  imply  a  study  of  the  complete  three-dimensional  "climate"  of  the 
atmosphere.  What  distinguishes  this  from  the  study  of  "weather"  is  the 
concern  for  ensembles  of  instantaneous  spatial  distributions  rather  than 
for  the  details  of  particular  instantaneous  distributions. 

The  role  of  observational  studies  in  achieving  the  first  goal  is  quite 
obvious,  but  in  the  achievement  of  the  second  goal,  as  well,  observational 
studies  must  play  an  important  and  direct  part.  Their  importance  in  this 
second  context  is  basically  due  to  the  fact  that  the  atmosphere,  as  a  gas¬ 
eous  fluid,  easily  redistributes  its  properties  through  its  own  motion,  with 
the  result  that  the  final  statistical  distribution  depends  critically  on  trans- 
port  processes.  These  processes  are  in  fact  the  sine  qua  non  of  all  dy¬ 
namical  activity  in  the  atmosphere,  since,  in  a  manner  of  speaking,  all 
motions  owe  their  origin  to  a  need  for  transporting  heat  or  momentum  in 
order  to  relieve  unstable  arrangements  of  the  fluid  with  regard  to  its 
temperature  or  motion  structure.  A  knowledge  of  the  modes  by  which 
these  transports  are  effected,  and  of  their  role  in  the  budgets  of  conserv¬ 
ed  quantities  such  as  mass,  momentum,  energy,  and  potential  vorticity, 
are,  accordingly,  vital  ingredients  in  a  dynamical  description  of  the 
atmosphere  aimed  at  giving  "understanding.  " 

Moreover,  as  is  well  known,  in  order  to  go  forward  with  a  deduc¬ 
tive  theory  for  a  complicated  system  like  the  atmosphere,  with  its  many 
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degrees  of  freedom,  it  is  first  necessary  to  use  observational  knowledge 
to  specialize  the  general  mathematical  representation  of  the  fundamental 
laws  for  the  particular  scales  or  frequencies  under  investigation.  It  has 
simply  never  proved  feasible  to  write  and  solve  equations  which  simul¬ 
taneously  govern  phenomena  over  the  whole  spectrum  of  spatial  and  tem¬ 
poral  variation.  The  specialization  procedure  implicit  in  all  theoretical 
studies  is,  therefore,  to  isolate  from  the  full  series  expansions  of  the 
atmospheric  variables  some  band  of  scales  or  frequencies  in  which  we 
are  interested  and  either  to  neglect,  specify,  or  parameterize  in  terms 
of  the  retained  structure,  the  effects  of  the  remaining  structure,  there¬ 
by  closing  the  problem  mathematically  .  It  is  only  later,  by  comparison 
of  the  solutions  with  observations,  that  justification  for  the  specializa¬ 
tions  can  be  claimed.  In  fact,  it  is  just  this  process  of  ab  initio  speciali¬ 
zation  of  known  laws  and  a  posteriori  verification  of  the  consequences  that 
constitutes  'theoretical  study'  in  the  sense  that  the  term  is  generally  used 
in  meteorology  and  the  other  applied  geophysical  sciences.  The  contin¬ 
uing  goal  is  to  learn  what  effects  can  be  legitimately  neglected  from  con¬ 
sideration  in  a  given  problem,  and,  also,  to  reduce  the  amount  of  infor¬ 
mation  initially  specified  in  favor  of  either  broadening  the  spectrum  of 
phenomena  under  simultaneous  investigation  or  applying  meaningful 
parameterization  laws.  In  systems  where  there  is  little  interaction  be¬ 
tween  different  portions  of  the  spectrum  (e.  g.  ,  linear  systems)  the  problem 
of  parameterization  hardly  arises  at  all.  However,  in  a  fluid  system  like 
the  atmosphere,  which  is  capable  of  internal  transport,  a  basic  non¬ 
linearity  is  introduce  which  links  the  properties  of  one  scale  with  the 
properties  of  others,  and  a  knowledge  of  this  linkage  is  essential  in  order 
to  close  theoretical  models  in  a  physically  realistic  way. 

It  follows  that  for  an  understanding  of  the  behavior  of  the  atmos¬ 
phere,  it  is  necessary  to  compute  not  only  averages  and  variances  of  the 
meteorological  variables,  but  also  the  transports,  or  co-variances  of  the 
variables  with  the  field  of  motion,  on  all  scales  in  time  and  space.  In 
addition,  other  quantities  which  enter  into  the  fundamental  equations,  such 
as  diabatic  heating  due  to  radiation  and  latent  heat  release,  must  also  be 
measured  and  parameterized  for  a  successful  framing  of  the  complete 
theoretical  problem. 

In  general,  then,  the  long-range  observational  goals  for  a  study 
of  our  planetary  atmosphere  seem  to  require  the  measurement  of  all  of 
the  atmospheric  variables  at  an  increasingly  dense  network  of  observing 
points  and  at  increasingly  smaller  time  intervals,  for  a  record  of  many 
years,  and  the  derivation,  from  these  measurements,  of  the  averages  in  time 
and  space,  *he  variances  and  co-variances,  and,  in  turn,  the  other  higher 
order  functions  involved  in  the  budgets  of  energy  and  potential  vorticity. 
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The  raw  material  for  this  program  is  the  space-time  continuum  of  values 
of  the  motion,  the  temperature,  the  pressure  or  geopotential,  the  mixing 
ratios  of  water  vapor  and  other  substances.  As  prerequisites  for  the  de- 
velopment  of  the  statistics  of  these  raw  data,  it  is  first  necessary  to  make 
decisions  regarding  the  manner  of  resolution  of  this  apparently  complex 
atmospheric  space-time  continuum.  In  making  this  decision,  we  have 
traditionally  been  guided  by  the  desire  to  quantify  meaningfully  the  statis¬ 
tical  effects  of  significant  physical  features  (such  as  cyclones)  while  at 
the  same  time  provide  theoretical  frames  of  reference  which  permit  the 
application  of  established  concepts  from  theoretical  hydrodynamics. 

The  main  developments  in  the  study  of  the  planetary  circulation 
over  the  past  two  decades,  observational  contributions  to  which  are  in¬ 
cluded  in  this  collection,  have  rested  largely  on  the  adoption  of  modes  of 
resolution  which  successfully  fulfill  these  two  aims.  The  most  important 
of  these  have  been  the  following: 

1 .  The  resolution  of  the  complete  distribution  into  a  mean  zonal 
state  defined  by  the  average  along  latitude  circles  (i.  e. ,  the  ZONAL,  or 
axially-SYMMETRIC  component),  and  the  departures  from  this  average 
which  Represents  the  EDDY  or  axially-ASYMMETRIC  components  (*e.  gT, 

•  This  resolution  strongly  commends  itself  by  an  examination  of 
hemispheric  weather  charts  which  show  a  primary  symmetric  variation 
of  temperature  from  the  equator  to  the  pole,  with  secondary  variations  in 
the  form  of  tongues  of  cold  and  warm  air  associated  with  meanders  in 
symmetric  westerly  and  easterly  currents.  The  predominately  zonal 
character  of  the  distribution  is  the  expected  physical  result  of  the  main 
external  influences,  namely  solar  heating  and  rotation,  both  of  which  are 
themselves  axially  symmetric.  In  view  of  the  wave-like  appearance  of 
these  eddies  in  the  free  atmosphere,  and  of  the  usefulness  of  pure  wave 
forms  for  theoretical  purposes,  it  has  been  of  great  benefit  to  further 
resolve  the  departures  into  Fourier  components  [e.  g.  ,  7,  16,  41,  42  J. 

In  this  way,  it  has  been  possible  to  make  distinctions  and  measure  the 
interaction  between  different  portions  of  the  wave  spectrum  ranging  from 
ultra-long  waves  to  the  cyclones  and,  also,  to  apply  much  of  the  formalism 
and  rigorous  thinking  developed  in  the  classical  study  of  hydrodynamical 
turbulence  to  the  planetary  circulation  (with  some  markedly  different  re¬ 
sults,  however  £e.  g.  ,  33,  36,  38,  463  ). 

2.  The  resolution  of  the  complete  distribution  at  any  instant  into  a 
STATIONARY,  or  TIME -AVERAGE,  component  and  a  TRANSIENT  compo¬ 
nent  which  is  the  departure  from  this  average  Cff.  g» ,  10.  15,^  .  This 


^Numbers  refer  to  the  list  of  papers  in  the  Table  of  Contents. 
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resolution  serves  to  isolate,  most  clearly,  what  we  mean  by  'climate,  ' 
both  as  regards  the  average  values  of  the  properties  and  their  variabilities. 
Again  many  of  the  concepts  and  formalisms  of  turbulence  theory  can  be 
drawn  upon.  A  natural  extension  of  this  resolution  is  a  further  analysis 
of  the  transient  departures  in  terms  of  a  frequency  spectrum.  In  this  way 
a  separation,  susceptible  to  rigorous  treatment,  can  be  made  between 
variations  having  period  of  years  (climatic  fluctuations),  seasons,  weeks 
(the  'index  cycle1),  days  {  the  cyclones),  hours  (fronts,  squall  lines,  etc.  ), 
minutes  and  seconds  (thermal  and  mechanical  turbulence),  and  so  forth. 

As  in  the  case  of  the  spatial  Fourier  breakdown  described  above,  a  main 
interest  here  is  to  study  the  nonlinear  interactions  and  parameterizations 
between  the  different  frequency  scales. 

3.  The  resolution  of  physical  processes  into  those  of  a  purely  in¬ 
ertial  nature  in  which  energy  sources  and  sinks  are  disregarded  (L  e,  the 
BAROTROPIC  mode),  and  those  in  which  energy  sources  and  sinks  are  of 
paramount  importance  Ti.  e.  ,  the  BA  ROC  LI  NIC  modes  involving  the  primary 
convective  motions  in  a  heated,  viscous,  rotating  fluid  0.g. ,  22,  24  J  ). 

In  the  atmosphere  both  of  these  processes  occur  simultaneously,  of  course, 
but  the  artifice  of  the  distinction  has  proved  to  be  invaluable  conceptually. 

This  resolution  is  effected  by  averaging  in  the  vertical. 

When  the  statistics  generated  by  these  various  resolutions  are  sum¬ 
marized  in  convenient  tabular,  graphical,  or  mapped  forms,  we  achieve  a 
formal  statistical  description  which,  together  with  interpretive  analysis  in 
terms  of  'Lagrangian'  systems  and  processes,  gives  a  complete  description 
of  the  atmospheric  climate. 

Up  to  the  present  time,  most  of  the  studies  directed  toward  this  des¬ 
cription  and  its  understanding  have  been  applied  to  the  scales  represented  by 
existing  daily  Northern  Hemisphere  synoptic  charts,  mainly  for  the  raid-trop¬ 
osphere  and  lower  stratosphere,  and  mainly  for  extratropical  latitudes.  Re¬ 
garding  the  future,  then,  in  addition  to  the  need  for  refinements  of  these  mea¬ 
surements,  a  more  complete  description  must  await  an  extension  to  the  bound¬ 
ary  layer  of  the  atmosphere,  the  high  atmosphere,  tropical  latitudes,  the  en¬ 
tire  Southern  Hemisphere,  and,  in  all  regions,  an  extension  to  smaller  scales 
than  has  hitherto  been  possible.  Active  work  is  currently  under  way  in  most 
of  these  areas  £e.  g.  ,  55,  59,  60^  .  A  conclusion  which  is  continually 

emerging  from  these  extensions  is  that,  just  as  it  is  impossible  to  close  off 
physically  one  portion  of  the  time  spectrum  from  the  remaining  portions,  it 
is  also  impossible  to  close  off  a  portion  of  the  spatial  spectrum,  as  would  be 
implied  by  treating  one  region  of  the  atmosphere  in  isolation  of  the  rest.  The 
reason  in  both  cases  is  the  same;  i.  e. ,  the  transfer  properties  of  the  fluid 
atmosphere.  As  one  example,  it  has  become  apparent  from  the  momentum 
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budget  studies  that  the  existence  of  the  easterlies  in  the  tropics  is  insep¬ 
arably  related  to  the  existence  of  the  westerlies  in  middle  latitudes  and 
hence  cannot  be  explained  as  an  independent  tropical  feature. 

Also  concerning  the  future,  it  would  appear  that  the  problem  of 
parameterizing  synoptic  and  subsynoptic  variables  in  terms  of  macro¬ 
variables  in  geophysical  fluid  systems  has  not  yet  been  given  nearly  as 
much  attention  as  will  be  necessary.  It  seems  likely  that  this  problem 
will  demand  a  combination  of  purely  statistical  studies  with  theoretical 
studies.  Powerful  statistical  methods,  such  as  multiple  discriminant 
analysis,  offer  the  possibility  for  extracting  useful  empirical  relation¬ 
ships  which,  hopefully,  will  find  an  acceptable  theoretical  foundation. 

As  we  contemplate  the  scope  of  the  problems  posed  by  future 
programs  such  as  these,  we  are  forced  to  recognize  that  the  data-pro- 
cessing  tasks  that  lie  ahead  are  at  least  an  order  of  magnitude  greater 
than  those  which  have  already  been  completed.  If,  however,  many  of 
these  tasks  now  seem  straightforward,  it  is  perhaps  a  tribute  to  the 
successful  gropings  of  many  meteorologists,  mainly  during  the  last  two 
decades,  to  formulate  physically  sound  frameworks  about  which  to  rally 
the  systematic  observation  of  our  planetary  atmosphere. 
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ABSTRACT 

In  this  iltscusMuTi  of  the  genera!  cirruiation  the  course  of  the  normal  transfer  of  absolute  angular  momen¬ 
tum  from  the  belts  of  easterlies  near  the  equator  to  the  belts  of  surface  westerlies  in  middle  latitudes  is  studied. 
It  is  suggested  that  the  horizontal  transfer  is  brought  about  by  the  large-scale  troughs  and  ridges  in  the 
mid- troposphere,  which  are  adapted  to  perform  this  function  by  their  departure  from  sinusoidal  form.  Algo, 
the  shapes  of  the  subtropical  circulations  are  found  to  be  such  as  to  produce  a  transport  of  angular  momentum 
poleward,  it  is  proposes J  that  the  downward  Sow  of  angular  momentum  in  the  westerly  belts  is  effected  by 
the  presence  of  surface  cyclones  of  the  Bjerknes  type  in  these  regions.  The  upward  Bow  in  the  easterly  bells  is 
assumed  to  be  effected  through  some  analogous  mechanism,  although  the  details  are  not  clear  owing  to  the 
scarcity  of  proper  observational  data. 


The  various  processes  which  take  place  in  the  atmos¬ 
phere  and  result  in  large-scale  air  motions  are  so  ex¬ 
tremely  complex  in  their  operation  that  up  to  the 
present  time  no  rational  theory  approaching  any  de¬ 
gree  of  completeness  has  been  devised  to  explain  what 
we  may  call  the  general  circulation.  It  is  even  doubtful 
whether  all  the  physical  processes  which  may  have  an 
ultimate  influence  on  air  motions  have  as  yet  been 
ascertained.  It  has,  however,  been  realized  for  many 
years  that  there  exist  certain  requirements  which  im¬ 
pose  restrictions  on  these  large-scale  motions  and 
impress  upon  them  several  characteristics  which  can 
be  verified  observationally.  The  purpose  of  this  paper 
is  to  enquire  further  into  the  nature  and  consequences 
of  some  of  these  restrictions  in  the  light  of  the  added 
wealth  of  observational  evidence  which  has  been  ac¬ 
cumulated  during  the  past  several  years,  and  to  point 
out  further  possibilities  for  research. 

In  order  to  base  the  discussion  on  principles  whose 
validity  cannot  be  open  to  question  and  which  are  still 
not  of  a  trivial  nature,  we  shall  first  consider  the  fact 
that  a  dynamical  system  such  as  the  atmosphere  (or 
a  portion  of  it)  cannot  change  its  absolute  angular  mo¬ 
mentum  about  a  given  axis  except  through  the  addi¬ 
tion  or  abstraction  of  angular  momentum  about  that 
axis  from  or  by  external  agencies.  Considering  the 
whole  atmosphere,  the  only  significant  external  inter¬ 
action  is  with  the  earth’s  surface,  almost  entirely 
through  friction.  This  general  fact  has  been  used  as  a 
basis  for  discussing  the  general  circulation  by  Jeffreys 
[3]  in  a  paper  to  which  more  reference  will  be  made 
later.  In  reality,  this  essay  may  be  construed  as  a 
further  extension  of  the  approach  to  the  problem  initi¬ 
ated  by  Jeffreys. 

Before  embarking  upon  the  examination  of  details 


we  shall  review  the  simple  qualitative  picture  of  the 
conditions  which  normally  prevail  in  the  atmosphere 
from  the  standpoint  of  the  distribution  and  transfer  of 
absolute  angular  momentum  about  the  earth’s  polar 
axis.  In  the  regions  between  roughly  30°N  and  30°S 
latitude  there  are  present  winds  having  a  component 
from  the  east  which  cover  most  of  this  zonal  belt. 
These  so-called  trade  winds  are  probably  the  most 
steady  and  extensive  air  motions  at  the  earth's  surface. 
Since  they  are  located  in  a  region  where  the  distance 
from  the  axis  of  the  earth  is  large,  the  frictional  effects 
at  the  surface  are  such  as  to  produce  a  relatively  large 
eastward  (positive)  torque  upon  the  atmosphere.  We 
thus  have  in  this  region  a  continuous  and  intense  flow 
of  absolute  angular  momentum  from  the  earth  to  the 
atmosphere.  This  angular  momentum  can  be  removed 
only  through  the  exertion  of  a  negative  torque  by  the 
earth  upon  the  atmosphere  at  latitudes  farther  to  the 
north  and  farther  to  the  south  mostly  through  friction 
at  the  surface  in  the  regions  of  the  prevailing  westerlies. 
There  must  thus  exist  a  horizontal  flow  of  absolute 
angular  momentum  away  from  the  equator  in  middle 
latitudes,  diminishing  poleward,  however,  as  the  sur¬ 
face  frictional  effects  of  the  westerlies  come  into  play. 
It  is  therefore  a  matter  of  great  importance  to  study 
the  details  of  the  mechanism  whereby  this  transfer  is 
effected.  Although  we  have  made  a  tacit  assumption 
tliat  a  steady  average  state  is  present  so  that  no  pro¬ 
gressive  accumulation  or  deficiency  of  angular  mo¬ 
mentum  takes  place,  this  limitation  does  not  have  to 
be  imposed  when  relatively  short  periods  of  time  are 
under  consideration.  We  may  also  note  at  this  point 
that  a  poleward  flow  of  angular  momentum  does  not 
necessarily  imply  a  transfer  of  mechanical  energy  in 
the  same  direction. 
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In  the  vicinity  of  the  poles,  the  north  pole  especially, 
there  is  often  present  a  mass  of  cold  air  near  the  ground 
in  which  the  wind  has  a  component  from  the  east.  If 
such  anticyclonic  conditions  persist  for  an  appreciable 
length  of  time,  it  should  be  expected  that  an  equator- 
wand  flow  of  angular  momentum  would  set  in  from 
this  region  to  the  belt  of  westerlies.  On  rare  occasions 
in  the  northern  hemisphere  this  anticyclonic  condition 
may  become  so  exaggerated  that  for  practical  purposes 
the  belt  of  westerlies  vanishes  temporarily  at  the  sur¬ 
face.  It  is  to  be  expected  that  during  periods  such  as 
these  the  normal  regime  of  transfer  of  absolute  angular 
momentum  is  profoundly  altered. 

Since  the  zonal  velocities  relative  to  the  earth  which 
are  present  in  actual  wind  systems  are  small  as  com¬ 
pared  to  the  linear  eastward  velocity  of  the  earth’s 
surface  itself,  except  in  the  vicinity  of  the  poles,  it 
follows  that  the  distribution  of  absolute  angular  mo¬ 
mentum  in  the  atmosphere  does  not  differ  very  much 
on  a  percentual  basis  from  that  corresponding  to  solid 
rotation  at  the  angular  speed  of  the  earth.  It  is  there¬ 
fore  apparent  that  there  must  normally  exist  a  large 
gradient  of  absolute  angular  momentum  northw’ard 
and  southward  from  the  equatorial  regions. 

Although  it  is  true  that  the  combined  system  com¬ 
posed  of  the  earth  and  the  atmosphere  cannot  alter  its 
total  absolute  angular  momentum  except  for  extremely 
slow  secular  changes  resulting  from  tidal  action  as  was 
pointed  out  by  Darwin  and  others,  still  there  is  no 
reason  to  expect  that  the  partition  of  angular  mo¬ 
mentum  in  the  composite  system  should  remain  con¬ 
stant  when  seasonal  and  other  short  time-intervals  are 
considered.  Because  of  the  great  contrast  in  the  mo¬ 
ments  of  inertia  of  the  two  components,  short-period 
anomalies  of  this  kind  represent  major  anomalies  in 
the  behavior  of  the  wind  systems,  but,  on  the  other 
hand,  imply  practically  undetectible  inequalities  in  the 
rate  of  the  earth’s  rotation.  From  the  standpoint  of 
availability  of  observational  material  in  regard  to  the 
motions  of  the  atmosphere,  we  cannot,  at  the  present 
time,  follow  these  changes  when  the  atmosphere  is 
considered  in  toto.  However,  when  restriction  is  made 
to  the  northern  hemisphere  alone,  some  approach  to 
the  problem  could  be  made  with  existing  data,  and 
deductions  might  in  this  way  result  concerning  the 
partition  of  atmospheric  angular  momentum  between 
the  hemispheres. 

In  view  of  the  fact  that  about  one-half  of  the  mass 
of  the  atmosphere  is  found  already  below  an  elevation 
of  five  kilometers  above  sea  level,  it  is  possible  to  look 
upon  the  atmosphere  as  a  two-dimensional  film  of 
approximately  spherical  form  in  many  aspects  of  our 
study.  This  fact  combined  with  the  fact  that  it  is  not 
possible  to  deal  with  the  actual  exact  values  of  the 
atmospheric  angular  momentum,  but  rather  only  with 
the  variations  in  it  and  the  processes  tending  to  pro¬ 


duce  them,  enables  us  to  discuss  the  problem  in  a 
relatively  simple  fashion  with  sufficient  accuracy  for 
our  purpose.  Focusing  attention  on  the  portion  of  the 
atmosphere  north  of  a  particular  latitude  circle,  we 
may  think  of  its  total  absolute  angular  momentum  as 
being  the  sum  of  two  quantities.  The  first  is  the  angular 
momentum  due  to  the  air  motions  relative  to  the 
earth's  surface,  while  the  second  is  due  to  the  rotation 
of  the  same  air  about  the  polar  axis  with  the  constant 
angular  speed  of  the  earth  itself.  The  second  quantity 
depends  not  only  upon  the  total  mass  of  air  north  of 
the  chosen  latitude  as  expressed  essentially  by  the 
surface  pressure,  but  also  upon  the  radial  distribution 
of  this  mass  with  respect  to  distance  from  the  polar 
axis.  With  the  approximation  as  to  the  vertical  extent 
of  the  atmosphere  mentioned  earlier,  this  radial  dis¬ 
tance  is  expressed  by  the  latitude.  Also,  we  may  ob¬ 
serve  that  the  second  quantity  is  far  larger  than  the 
first,  although  this  fact  is  not  of  direct  concern  to  us. 
Rather,  it  is  interesting  to  note  that  as  far  as  synoptic 
and  seasonal  variations  in  the  total  absolute  angular 
momentum  are  concerned,  calculation  shows  that  the 
contributions  from  the  two  quantities  are  of  rougly 
the  same  order  of  magnitude.  Furthermore,  changes  in 
the  mass  distribution  are  of  greater  significance  in  this 
sense,  if  they  occur  at  relatively  low  latitudes. 

We  may  next  consider  the  processes  which  tend  to 
alter  the  absolute  angular  momentum  of  this  portion 
of  the  atmosphere.  In  the  first  place  there  can  exist  a 
horizontal  transfer  of  such  angular  momentum  across 
the  selected  latitude.  Secondly,  the  interaction  of  the 
air  with  the  earth’s  surface  largely  through  friction 
can  produce  a  flow  of  this  angular  momentum  either 
from  the  atmosphere  to  the  earth  or  vice  versa.  Taking 
the  first  of  these  transfer  processes,  it  will  be  assumed 
that  the  air  has  negligible  viscosity,  so  that  there  is  no 
truly  frictional  interaction  across  the  latitude  circle. 
The  actual  horizontal  transfer  may'  also  be  thought  of 
as  (wing  the  result  of  two  effects,  one  due  to  the  advec- 
tion  of  air  having  a  positive  or  negative  angular  mo¬ 
mentum  relative  to  the  earth  across  the  latitude  line, 
and  the  other  due  to  the  advection  of  angular  momen¬ 
tum  corresponding  to  the  angular  velocity  of  the 
earth’s  rotation.  In  order  to  secure  a  net  contribution 
from  the  former  effect,  it  is  not  necessary  that  there 
be  a  net  transport  of  mass.  Such  a  transport  of  mass  is, 
however,  necessary  in  order  to  secure  a  contribution 
from  the  latter  effect,  because  the  angular  momentum 
per  unit  mass  due  to  the  arth’s  rotation  is  constant 
along  the  latitude  so  that  a  mere  exchange  of  air  pro¬ 
duces  no  net  result.  Except  for  short-period  variations 
and  slow  seasonal  fluctuations,  the  latitudinal  mass 
distribution  of  the  atmosphere  is  constant,  so  that  in 
all  probability  the  significant  north-south  transport  of 
absolute  angular  momentum  is  accomplished  through 
the  exchange  of  relative  angular  momentum. 
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The* frictional  interaction  at  the  earth's  surface  is 
more  or  less  proportional  to  the  square  of  the  surface 
wind  speed,  although  the  value  of  the  constant  of  pro¬ 
portionality  varies  greatly  with  the  local  character  of 
the  surface.  The  tangential  stress  produced  upon  the 
fcarth  is  in  the  direction  of  the  surface  wind,  and  con¬ 
versely,  the  earth's  surface  exerts  a  stress  upon  the  air 
in  a  direction  opposite  to  that  of  the  surface  wind. 
Corresponding  to  this  stress  there  exists  a  flow  of  abso¬ 
lute  angular  momentum  whose  intensity  depends  upon 
the  magnitude  of  the  eastward  component  of  the  stress 
on  the  atmosphere  and  upon  the  distance  from  the 
polar  axis.  In  addition  to  the  frictional  interaction,  it 
is  fjossible  that  at  times  differences  of  atmospheric 
pressure  between  the  eastern  ami  western  sides  of 
mountain  ranges,  especially  those  of  great  north-south 
extent,  may  produce  significant  torques  upon  the 
atmosphere.  Thus  the  Rockies  in  North  America  and 
the  Himalayas  in  Asia  might  produce  sensible  effects 
of  this  kind  in  the  northern  hemisphere,  although,  for 
simplicity  in  the  first  instance,  we  shall  not  take  this 
phenomenon  into  account  in  what  follows. 

Returning  to  our  principal  task,  namely  the  exami¬ 
nation  of  the  transfer  of  absolute  angular  momentum 
within  the  atmosphere,  we  have  seen  that  this  flow  is 
brought  about  by  appropriate  exchange  processes  in¬ 
volving  air  motions  relative  to  the  earth's  surface. 
Thus,  if  a  latitude  is  selected  in  the  belt  of  surface 
westerlies  of  the  northern  hemisphere,  where  normally 
the  transfer  is  toward  the  north,  the  northward-moving 
individual  masses  of  air  should  at  the  same  time  have 
a  larger  eastward  component  of  motion  than  do  the 
southward-moving  ones.  In  agreement  with  the  con¬ 
clusion  reached  by  Jeffreys,  it  seems  reasonable  to 
suppose  that  the  necessary  positive  correlation  be¬ 
tween  northward  and  eastward  velocity  components 
is  brought  about  by  the  associated  upper  structures  of 
the  cyclones  and  anticyclones  present,  which  thus  form 
an  integral  part  of  the  mechanism  of  the  general  cir¬ 
culation  and  constitute  the  individual  eddies  that 
bring  about  a  turbulent  transfer  of  angular  momentum 
poleward  on  a  grand  scale.  As  contrasted  with  other 
studies  of  turbulence,  we  have  in  this  case  rather  well- 
defined  information  concerning  the  structure  of  the 
eddies  themselves,  and  hence  we  should  be  able  to 
obtain  a  better  grasp  of  the  nature  of  the  turbulent 
process  in  question.1  To  this  end  we  shall  attempt  to 
analyze  certain  characteristic  pictures  of  flow  patterns 
which  resemble  those  found  on  synoptic  maps  and 
which  at  the  same  time  exhibit  the  necessary  correla¬ 
tion  between  the  horizontal  velocity  components. 

The  general  character  of  the  flow  patterns  observed 
in  middle  latitudes  a  short  distance  above  the  surface 


1  A  legitimate  question  may  be  raised  concerning  the  use  o l  the 
word  turbulence  in  the  present  connection.  We  shall  however 
continued  to  use  it  because  of  the  lack  of  a  better  term. 


is  a  westerly  motion  on  which  are  superposed  troughs 
in  the  general  vicinity  of  cyclonic  disturbances,  bo  that 
frequently  the  appearance  of  the  streamlines  at  a  fixed 
level  resembles  that  shown  in  fig.  1.  1‘he  important 


/ 
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FlO.  1.  Schematic  picture  of  horizontal  streamlines  in  a  typical 
middle-latitude  flow  pattern  in  the  upper  westerlies. 

feature  is  the  departure  from  symmetrical  sinusoidal 
form  and  the  associated  northeast-southwest  tilt  of 
the  trough  line.  It  is  apparent  that  this  characteristic 
produces  the  necessary  velocity  correlation,  since  the 
southward  motions  are  associated  with  smaller  east¬ 
ward  components  than  are  the  northward  motions. 
Often  the  departure  from  sinusoidal  form  and  tilt  of 
the  trough  line  are  small  at  higher  latitudes  near  the 
northern  border  of  the  surface  westerly  belt  where  the 
northward  transfer  of  angular  momentum  is  small, 
and  become  more  and  more  pronounced  at  lower  lati¬ 
tudes  where  a  large  transport  of  angular  momentum 
is  normally  present.  It  thus  seems  that  this  typical 
atmospheric  flow  pattern,  so  common  on  meteoro¬ 
logical  maps,  is  a  necessary  automatic  adjustment  to 
provide  for  a  poleward  transfer  of  atmospheric  angular 
momentum. 

Examination  of  the  rather  rare  cases  when  the  belt 
of  westerly  winds  at  the  surface  is  weak  or  absent  has 
left  the  writer  with  the  impression  that  many  of  the 
troughs  present  on  the  upper-level  maps  of  the  north¬ 
ern  hemisphere  for  such  periods  display  only  small  tilt 
or  even  a  tilt  from  northwest  to  southeast.  Also,  during 
more  normal  periods  with,  however,  rather  well  de¬ 
veloped  easterly  surface  winds  near  the  pole,  troughs 
extending  to  high  latitudes  seem  to  possess  a  reverse 
tilt  north  of  the  belt  of  surface  westerlies  as  would  be 
dictated  by  the  probable  southward  flow  of  angular 
momentum  at  these  high  latitudes  during  such  periods. 

If  the  general  scheme  outlined  above  is  correct,  it 
becomes  a  matter  of  considerable  interest  to  determine 
at  what  levels  in  the  atmosphere  the  bulk  of  the  pole- 
ward  transport  of  angular  momentum  takes  place. 
From  preliminary  statistical  studies  of  daily  hemi¬ 
spherical  data  it  seems  that  at  4S°N  latitude  the  trans¬ 
port  during  winter  is  pronounced  and  almost  always 
directed  toward  the  north  at  an  elevation  of  10,000 
feet  above  sea  level.  Further  information  must  await 
much  more  extensive  statistical  study,  although  in  the 
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opinion  of  the  writer,  this  transport  is  brought  about 
mainly  through  the  action  of  the  large-scale  upper 
troughs  and  ridges  in  the  main  body  of  the  tropo¬ 
sphere,  at  least  within  the  confines  of  the  surface 
westerly  belt  in  each  hemisphere. 

Because  of  the  basic  importance  of  the  transport 
process  depicted  by  the  streamline  pattern  sketched  in 
fig.  1,  it  is  instructive  to  examine  it  from  other  points 
of  view  than  the  one  which  has  already  been  given.  If  a 
transport  of  angular  momentum  takes  place  across 
latitude  circles  in  the  general  vicinity,  it  follows  that 
such  a  transport  must  also  exist  across  any  other  fixed 
curve  oriented  in  a  more  or  less  west-east  sense  but 
not  necessarily  extending  along  a  parallel  of  latitude. 
It  is  thus  possible  to  speak  of  the  instantaneous  flow  of 
angular  momentum  across  a  fixed  curve  which  coin¬ 
cides  with  one  of  the  streamlines  in  the  figure.  This 
flow  is  in  general  due  to  the  torque  exerted  by  the 
pressure  forces  acting  across  the  curve,  and  also  to  any 
exchange  of  air  masses  of  differing  angular  momentum 
across  the  curve.  In  the  present  instance  no  mass  ex¬ 
change  takes  place  at  the  level  under  consideration, 
since  the  curve  is  a  streamline,  so  that  only  the  torque 
produced  by  pressure  forces  is  operative.  In  order  that 
a  torque  be  exerted  by  the  air  to  the  south  on  the  air 
to  the  north,  it  is  essential  that  the  pressure  be  greater 
on  the  west  side  of  the  southward  bulge  of  the  stream¬ 
line  than  it  is  on  the  east  side.  It  then  follows  that 
the  hftrizontal  streamline  cannot  at  the  same  time  be  a 
line  along  which  the  pressure  is  constant. 

Viewing  the  matter  still  otherwise,  we  may  consider 
the  instantaneous  polewa-d  flow  of  angular  momentum 
across  a  fixed  curve  which  coincides  with  an  isobar  in 
the  given  horizontal  surface.  Such  isobars  have  more 
or  less  the  same  shape  as  the  streamlines.  In  this  case 
the  pressure  forces  can  produce  no  net  torque,  so  that 
the  transport  must  be  due  to  an  exchange  of  air  masses 
of  differing  angular  momentum  across  the  curve.  Quali¬ 
tatively,  the  relation  ol  the  air  motions  to  the  isobar 
shown  in  fig.  2  could  accomplish  the  transfer.  A  rela- 


Fic.  2.  Schematic  picture  showing  the  northward  transput  of 
angular  momentum  across  an  isoliar.  Arrows  indicate  the  direc¬ 
tion  of  air  motions. 


tion  of  the  winds  to  the  isobars  similar  to  this  has  been 
noted  from  observational  data  by  Houghton  and 
Austin  [2],  and  further  statistical  studies  of  the 
matter  are  at  present  in  progress  at  the  Massachusetts 
Institute  of  Technology. 

One  may  ask  finally  how  angular  momentum  is 
transported  from  the  easterly  belts  at  low  latitudes  to 
the  belts  of  westerlies  farther  to  the  north  and  to  the 


south.  The  im|»rtant  fact  here  is  that  the  zone  of  the 
trade  winds  in  each  hemisphere  is  not  continuous,  but 
together  with  the  equatorward  portion  of  the  westerlies 
forms  a  few  large  anticydonic  systems  in  the  sub¬ 
tropics.  Again  using  the  northern  hemisphere  as  an 
illustration,  these  anticydonic  circulations  have*hori- 
zontal  streamlines  cf  approximately  the  shape  shown 
in  fig.  3.  1 1  is  evident  that  here  also  we  have  the  neces¬ 


sary  correlation  between  the  velocity  components  to 
accomplish  the  transfer,  and  the  other  facts  as  regards 
the  pressure  distribution  in  relation  to  the  streamlines 
must  follow  a  scheme  similar  to  that  which  has  been 
discussed  in  the  case  of  the  westerlies.  We  may  then 
say  that  the  separation  of  the  high-pressure  belts  of  the 
subtropics  into  individual  cells  is  a  necessary  auto¬ 
matic  adjustment  in  the  atmosphere  which  provides 
for  a  poleward  transfer  of  absolute  angular  momentum 
from  the  low-latitude  easterlies. 

We  come  now  to  the  consideration  of  questions  re¬ 
lating  to  the  vertical  transport  of  absolute  angular 
momentum  within  the  atmosphere.  In  view  of  the  fact 
that  at  least  a  large  part  of  the  horizontal  transport  is 
probably  accomplished  at  moderate  elevations  above 
the  surface,  it  is  obvious  that  there  must  exist  some 
mechanism  whereby  angular  momentum  is  communi¬ 
cated  upward  to  these  levels  in  the  trade-wind  zones, 
and  also  there  must  exist  a  mechanism  for  its  down¬ 
ward  transfer  in  the  vicinity  of  the  surface  westerlies. 
Because  the  vertical  dimension  of  the  atmosphere  is  so 
small  compared  to  the  horizontal  ones,  it  would  be 
simple  to  invoke  the  virtual  viscosity  of  the  air  due  to 
small-scale  turbulence  in  order  to  effect  these  vertical 
exchanges.  On  the  other  hand,  but  little  is  known  con¬ 
cerning  the  efficacy  of  such  friction  above  the  surface 
turbulence  layer,  so  that  it  is  possible  that  friction  in 
the  free  air,  to  the  extent  that  it  is  present,  may  work 
together  with  other  modes  of  angular  momentum 
transfer  in  the  vertical. 

We  have  observed  that  in  the  case  of  horizontal 
transfer  it  is  necessary  that  there  exist  a  certain  organ¬ 
ization  of  the  north-south  air  motions  in  reference  to 
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the  absolute  angular  momentum  of  the  air  masses 
taking  part  ‘.a  these  motions.  Similarly,  wc  might  ex¬ 
pect  to  find  an  organization  of  the  vertical  air  motions 
with  respect  to  absolute  angular  momentum  in  the 
case  of  vertical  transfer.  We  have  noted  also  that  in 
spite  of  the  presence  of  air  motions  relative  to  the 
earth,  there  exists  a  strong  poleward  gradient  of  abso¬ 
lute  angular  momentum  in  the  atmosphere,  in  the  ease 
of  the  downward  transfer  within  the  belts  of  surface 
westerlies,  generally  speaking,  the  upward  brandies  of 
vertical  circulations  should  occur  closer  to  the  poles 
than  the.  descending  branches  of  the  same  circulations. 
Tile  magnitude  of  organised  vertical  velocities  in  the 
atmosphere  is  exceedingly  small,  so  that  it  is  difficult 
to  secure  measurements  of  such  motions  and  conse¬ 
quently  our  information  concerning  them  is  still  rather 
sketchy.  We  may  nevertheless  make  the  indirect  infer¬ 
ence  that  relatively  vigorous  upward  motions  take 
place  over  those  regions  where  active  precipitation  is 
observed,  since  precipitation  of  sensible  intensity  re¬ 
quires  an  adiabatic  cooling  of  the  air  produced  by 
upward  motions  of  air  particles  to  levels  of  lower 
pressure.  The  areas  of  precipitation  and  therefore  of 
ascending  motion  in  middle  latitudes  are  found  more 
or  less  on  the  northeastern  and  the  northern  sides  of 
the  surface  cyclones,  using  the  northern  hemisphere  for 
purposes  of  illustration.  It  is  commonly  agreed  that 
descending  motions  are  to  be  found  on  the  south¬ 
western  sides  of  these  disturbances,  in  the  relatively 
cold  air  which  normally  sweeps  around  to  the  south 
of  the  cyclone  center.  It  thus  would  appear  that  the 
typical  Bjerknes  cyclones  Q3>  as  distinguished  from 
the  large  troughs  at  upper  levels,  perform  the  function 
of  turbulence  units  in  the  downward  transport  of  ab¬ 
solute  angular  momentum  from  the  upper  levels  in 
middle  latitudes.  We  should  therefore  expect  that  the 
frequency  of  occurrence  of  Bjerknes  cyclones  should  be 
greater  on  the  eastern  sides  of  the  large  troughs  at 
upper  levels  than  on  the  western  sides,  because  these 
are  the  regions  where  vigorous  northward  transport  of 
angular  momentum  takes  place.  This  condition  is 
common  on  meteorological  maps. 

The  meteorological  processes  which  take  place  in 
the  trade-wind  belts  have  not  as  yet  been  subjected  to 
the  same  detailed  scrutiny  as  these  of  middle  latitudes. 
We  arc  therefore  at  a  disadvantage  in  attempting  to 
trace  the  course  of  the  upward  flow  of  absolute  angular 
momentum  in  these  regions.  It  has  nevertheless  been 
observed  that  certain  synoptic  disturbances  called 
easterly  waves  are  present  on  the  equatorward  sides 
of  the  subtropical  high-pressure  cells.  It  is  not  incon¬ 
ceivable  that  these  waves  are  accompanied  by  organ¬ 
ized  vertical  motions  of  the  type  necessary'  to  provide 
for  an  upward  flux  of  angular  momentum.  The  prob¬ 
ability  is,  however,  that  the  rather  sporadic  occurrence 


of  tropical  hurricanes  in  tlsese  regions  cannot  account 
for  the  normal  upward  transfer.  Although  the  normal 
poleward  gradient  erf  absolute  angular  momentum  is 
small  in  the  trade-wind  region,  still  its  presence  would 
favor  (he  location  of  the  upward  branches  of  vertical 
circulations  nearer  to  the  equator  than  the  descending 
branches.  Such  a  distribution  of  vertical  motions  is  not 
in  conflict  with  the  general  climatological  cliaracter- 
istics  of  the  tropics  and  subtropics  as  indicated  by  the 
meridional  distribution  of  rainfall  within  the  sub¬ 
tropical  high-pressure  cells,  the  precipitation  being 
more  abundant  nearer  to  tlie  equator.  On  the  present 
hypothesis  the  general  selective  effects  of  the  phe¬ 
nomena  of  middle  latitudes  and  of  the  trade-wind 
regions  upon  the  location  of  descending  motions  evi¬ 
dently  conspire  to  produce  relatively  arid  zones  in  the 
intervening  belts. 

The  reader  has  doubtless  observed  many  gaps  and 
shortcomings  in  the  rough  picture  of  the  atmospheric 
motions  which  has  been  sketched,  perhaps  necessarily 
with  a  rathei  broad  stroke.  For  example,  questions 
relating  to  the  sources  and  transfer  of  energy  have  not 
been  touched  upon,  nor  have  the  associated  heat- 
transfer  processes  been  treated.  Likewise  it  is  not  im¬ 
mediately  clear  what  role  is  played  by  frontal  discon¬ 
tinuities  in  the  scheme,  and  the  characteristic  phe¬ 
nomena  of  the  atmospheric  tropopause  have  not  been 
related  to  the  mechanics  of  the  system.  Nevertheless 
it  is  a  matter  of  interest  that  a  few  pieces  of  the  puzzle 
which  the  general  circulation  presents  can  be  made  to 
fit  together,  although  the  problem  of  why  these  pieces 
have  the  precise  shapes  they  do  is  a  far  more  profound 
and  difficult  subject.  Efforts  to  deal  with  this  latter 
question  have  recently  been  made  by  Rossby  [4] 
and  others  [S3- 

Analytical  representations  of  the  concepts  intro¬ 
duced  have  not  been  given,  since  it  is  felt  that  the  first 
step  in  the  treatment  of  a  subject  such  as  the  present 
one  is  the  formulation  of  a  physical  picture.  Further¬ 
more,  the  reader  who  is  mathematically  inclined  can 
easily  supply  such  representations  where  they  are  of 
obvious  application. 

REFERENCES 

t.  Bjerknes,  V.,  j.  Bjerknes,  H.  Soli  -g,  T.  Bergeron,  I9.tl: 
Pkysikalistke  Hydrodynamik.  Berim,  J .  Springer,  797  pp. 

2.  Houghton,  H.  G.,  and  J.  M.  Austin,  19*6:  A  study  of  non- 

geostrophic  How  with  applications  to  the  mechanism  of 
pressure  changes.  J.  Meteor.,  3,  57-77. 

3.  Jeffreys,  H.,  1926:  On  the  dynamics  of  geostrophic  winds. 

Quart.  J.  R.  meteor.  Soc.,  52,  85-10*. 

4.  Rossby,  C.-G.,  1947:  On  the  distribution  erf  angular  velocity  in 

gaseous  envelopes  under  the  influence  of  large-scale  hori¬ 
zontal  mixing  processes.  Bull.  Amer.  meteor.  Soc.,  28,  53-68. 
■  5.  University  of  Chicago,  Depaitment  of  Meteorology,  1947:  On 
the  general  circulation  of  the  atmosphere  in  middle  lati¬ 
tudes.  Buil.  Amer.  meteor.  Soc.,  28,  255-280. 


-7- 


Reprlntsd  from  JOURNAL  OF  METEOROLOGY  f  5t  291~289 


A  STUDY  OF  THE  FLOW  OF  ANGULAR  MOMENTUM 
IN  THE  ATMOSPHERE 

By  William  K,  Widger,  Jr. 

Massachusetts  Institute  of  Technology1- * 

(Manuscript  received  14  January  1949) 

ABSTRACT 

A  study  is  made  of  the  Bow  of  angular  momentum  in  the  atmosphere  for  the  month  of  January  1946.  The 
easulu  generally  confirm  the  pattern  proposed  By  Starr  oa  theoretical  grounds.  Angular  momentum  is  trans¬ 
ferred  from  the  earth  to  the  atmosphere  in  regions  of  surface  easterly  winds  (chiefly  the  tropical  and  sub¬ 
tropical  easterlies),  transported  upward,  then  horizontally  poleward,  and  finally  downward,  being  removed  in 
regions  id  surface  westerly  winds.  The  torques  due  to  surface  friction  are  found  to  be  of  the  same  order  of 
magnitude  a*  those  due  to  differentials  of  pressure  across  mountain  ranges.  During  a  period  of  the  length  of 
this  study  or  less,  it  is  found  that  the  change  and  transport  of  angular  momentum  due  to  shifts  of  mass  are 
of  the  same  order  of  magnitude  as  the  change  and  transport  of  relative  angular  momentum.  If  one  accepts  the 
method  used  for  estimating  the  surface  torques,  there  appears  to  be  an  excess  of  transfer  of  angular  mo¬ 
mentum  to  the  atmosphere  in  the  northern  hemisphere.  From  a  study  of  the  normal  January  pressure  profile, 
it  would  appear  that  this  excess  represents  a  flow  of  angular  momentum  to  the  southern  hemisphere,  where 
it  fa  needed  to  balance  accounts. 


1.  Introduction 

One  of  the  earlier  mentions  of  the  importance  of 
angular  momentum  in  any  consideration  of  the  general 
circulation  was  by  Jeffreys  £7].  In  this  paper,  Jeffreys 
shows  that,  by  considering  the  amount  of  angular 
momentum  transported  across  a  given  latitude  circle 
and  the  net  loss  of  angular  momentum  by  frictional 
torque  north  of  this  latitude,  it  is  impossible  to  have  a 
zonally  symmetric  distribution  of  wind  and  pressure 
if  surface  friction  is  present.  He  concluded  that  there 
must  exist  large-scale  air  streams  extending  through  a 
major  part  of  the  troposphere  with  a  strong  meridional 
component  of  motion  (of  the  same  order  of  magnitude 
as  the  zonal  component)  and  that  the  cyclones  and 
anticyclones  are  a  necessary  part  of  the  general  circu¬ 
lation  rather  than  being  merely  oscillations  about  a 
possible  zonally  symmetric  steady  state.  It  should  be 
remembered  that  these  conclusions  were  reached 
despite  the  absence  of  the  extensive  amount  of  upper- 
air  data  which  is  now  available.  Jeffreys'  conclusions 
were  discussed  at  some  length  in  further  papers  by 
himself  and  others  £3;  4;  8;  1 33,  but  without  sig¬ 
nificant  change  in  the  conclusions  presented  above. 

The  importance  of  the  angular-momentum  concept 
in  studies  of  the  general  circulation  has  been  re¬ 
emphasized  in  a  recent  paper  by  Starr  JTlJ-  In  his 
paper  it  is  pointed  out  that,  inasmuch  as  the  earth 
and  atmosphere  may  be  considered  as  practically  an 
isolated  system,  there  must  be  a  flow  of  angular  rao- 

1  This  investigation  was  in  part  made  possible  through  funds* 
made  available  under  the  terms  of  Contract  W 2 8-099  ac-406  be¬ 
tween  the  U.  S.  Air  Force  and  the  Massachusetts  Institute  of 
Technology. 

*  The  author  is  now  with  the  New  York  State  College  of  Agri¬ 
culture,  Cornell  University,  Ithaca,  New  York. 


mentum  from  the  earth  to  the  atmosphere  in  regions 
of  surface  easterly  winds  (the  most  important  of  these 
regions  being  those  of  the  tropical  easterlies  or  “trade” 
winds)  and  a  reverse  flow  in  regions  of  surface  westerly 
winds  (particularly  in  the  prevailing  westerlies  of  the 
temperate  zones).  There  must  then  exist,  on  the 
average,  a  poleward  flow  of  angular  momentum. 
There  must  also  exist  an  upward  transport  of  angular 
momentum  over  the  easterlies  and  a  downward  trans¬ 
port  over  the  westerlies. 

As  over  long  periods  there  is  no  progressive  net 
change  in  the  distribution  of  atmospheric  mass  over 
the  earth,  the  significant  long-term  meridional  trans¬ 
port  of  angular  momentum  is  accomplished  by  the 
meridional  interchange  of  air  masses  with  differing 
relative  angular  momentum.  Starr  has  suggested  that 
this  interchange  is  effected  principally  by  the  upper- 
air  trough  and  ridge  systems  with  axes  tilted  from 
northeast  to  southwest.  The  transfer  of  angular 
momentum  between  the  earth  and*  the  atmosphere* 
is  effected  by  surface  friction  and  by  differentials  of 
atmospheric  pressure  across  mountain  ranges. 

The  importance  of  considering  the  flow  of  angular 
momentum  in  any  study  of  the  general  circulation 
should  be  obvious.  Although  even  a  complete  knowl¬ 
edge  of  the  angular--  mentum  transfer  in  the  at¬ 
mosphere  cannot  by  itself  furnish  a  solution  of  the 
problem  of  the  general  circulation,  any  proposed 
scheme  for  this  circulation  should  include  a  means  for 
securing  the  anguiar-momentum  flows  which  are  ob¬ 
served.  For  this  reason,  it  is  essential  that  all  possible 

J  Hereafter  often  referred  to  as  the  generation  and  removal  for 
similar  terms)  of  angular  momentum  in  the  atmosphere. 
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observational  knowledge  concerning  these  processes 
be  obtained.  1 1  is  hoped  that  the  study  reported  here 
represents  a  beginning  in  the  accomplishment  of  such 
an  aim. 

At  the  suggestion  of  Prof.  Starr  it  was  decided  to 
investigate  quantitatively  and  as  extensively  as  pos¬ 
sible  the  generation  and  transport  of  angular  momen¬ 
tum  in  the  atmosphere  for  a  period  of  one  month.  It 
was  planned  that  this  investigation  should  serve  as  a 
pilot  project  for  similar  later  studies  covering  more 
extensive  periods.  The  results  reported  here  should 
therefore  not  be  considered  as  final  until  confirmed 
by  further  studies. 

2.  Theoretical  considerations 

Since  the  force  of  gravity  can  exert  no  torque  about 
the  earth's  axis,  we  may  write  the  equation  of  zonal 
motion  without  approximation  in  the  form 

dM/dt  —  —  p~'f:  dpfdx  —  Du),  (1) 

which  states  that  the  absolute  angular  momentum  of 
an  individual  unit  mass  of  air  increases  at  a  rate  equal 
to  the  external  torques  exerted  upon  it  by  the  pres¬ 
sure  force  and  by  friction.  (See  the  table  of  symbols 
at  the  end  of  this  article.) 

Equation  (1)  may  be  rewritten  with  the  aid  of  the 
following  considerations : 

p dM/dt  =■  p  dM/dt  +  pc-VM 

dpM  /dp  \ 

-  +  V-pMc  —  M  (  —  +  V  pc  ),  <2) 

at  \  at  -  / 


at  the  boundaries  of  the  space.  Let  us  designate  an 
element  of  volume  by  d  V,  and  an  element  of  the  sur¬ 
face  of  this  volume  by  dS.  Further,  let  d<r  represent 
the  projection  of  dS  on  the  meridional  plane  passing 
through  a  given  point  and  r,  the  eastward  frictional 
stress  acting  at  the  boundary  on  the  air  inside.  We 
may  then  write 


J  pMe*dS 


+  J  pr  do  dr 


j  rr.dS, 


(4) 


which  is  still  rigorous  and  could  have  been  written 
immediately  from  physical  considerations. 

In  the  first  term  on  the  right  c„  is  the  inward 
component  of  the  velocity  and  the  quantity  as  a 
whole  represents  the  rate  at  which  angular  momentum 
is  brought  into  the  region  by  air  motions  across  the 
boundary.  The  only  significant  air  motions  across  the 
boundary  take  place  at  the  vertical  surface  at  latitude 
<t>.  For  all  practical  purposes  we  may  assume  that 
r  ~  R  cos  <f>,  in  all  the  discussion  which  follows,  so  that 

M  —  uR  cos  $  +  uR7  cos*  <p.  (S) 

At  this  southern  boundary  c»  =  v,  and  we  may  with¬ 
out  sensible  error  say  that  dS  ~  dx  dz.  The  first  term 
on  the  right  side  of  (4)  may  then  be  written  as  the 
sum  of  two  terms,  namely. 


R  cos  <p 


p.  j  dx  dz. 


(6) 


where  c  is  the  absolute  vector  particle  velocity.  The 
quantity  in  parentheses  in  (2)  vanishes  identically 
because  the  general  equation  of  continuity  of  mass 
states  that  this  expression  is  zero.  Accordingly  (1) 
becomes 


dpM 

at 


dpr 

—  V  -  pMc  — - b  fDu, 

dx 


(3) 


still  without  approximation.  This  equation  states  that 
the  rate  at  which  absolute  angular  momentum  is  in¬ 
creasing  at  a  point  fixed  in  space  is  equal  to  the  nega¬ 
tive  divergence  (convergence)  of  the  transport  of 
angular  momentum  plus  the  rate  at  which  it  is  im¬ 
parted  to  the  air  at  the  point  by  the  external  torques 
due  to  pressure  and  friction. 

Noting  that  pM  is  the  angular  momentum  per 
unit  volume,  we  may  form  a  volume  integral  of  (3) 
over  a  portion  of  the  atmosphere  bounded  by  the 
earth's  surface  and  extending  from  the  pole  to  a 
given  latitude  <#>•  The  upper  boundary  is  assumed  to 
be  the  "top"  of  the  atmosphere.  The  term  on  the 
left-hand  side  gives  an  integral  which  is  the  rate  of 
increase  of  the  total  angular  momentum  within  the 
region,  while  all  the  terms  on  the  right  give  integrals 
which  are  expressible  in  terms  of  quantities  measured 


expressing  the  rate  of  the  northward  advection  of 
relative  angular  momentum,  and  the  term 

w/J*  cos3  J*  j*  pvdxdz,  (7) 

expressing  the  rate  of  northward  advection  of  angular 
momentum  due  to  the  earth's  rotation  (hereafter 
referred  to  as  vi-angular  momentum).  We  note  that  the 
expression  (7)  cannot  contribute  unless  there  is  a  net 
flow  of  mass  across  the  latitude  circle. 

The  second  integral  on  the  right  of  (4)  can  give  a 
contribution  only  because  the  lower  boundary  is  not 
a  smooth  spherical  one,  but  has  imperfections  in  the 
form  of  mountain  ranges  at  whose  sides  do  does  not 
vanish.  The  measurement  of  this  effect  is  discussed 
below. 

The  third  term  on  the  right  side  of  (4)  may  be 
written  in  the  form  given  because  friction  represents  a 
mode  of  exchange  of  momentum  and  can  give  a  net 
contribution  only  when  the  frictional  interaction  is 
present  with  the  surroundings  at  the  boundary  of  the 
region.  The  main  effect  of  this  nature  results  from  the 
interaction  at  the  earth’s  surface  north  of  the  latitude 
ip.  Small-scale  eddy  friction  appears  to  be  far  too 
small  to  contribute  significantly  to  the  flow  of  angular 
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momentum  across  the  vertical  at  latitude  4>.  We  are 
thus  left  with  the  quantities  (6)  and  (7)  to  account  for 
the  large  meridional  transfer  of  angular  momentum 
for  the  maintenance  of  the  general  circulation. 

In  the  long-run  average  the  angular  momentum  of 
the  atmosphere  is  constant  and  the  left-hand  side  of 
(4)  is  zero.  For  shorter  periods,  however,  this  is  not 
the  case.  By  using  (S)  it  follows  that 

d  f  d  /* 

—  I  oM  dV  =  —  I  pRu  cos  4>  d  V 

at  J  at  J 

a  f" 

-f  uP5-  j  p  cos1'  4>dV.  (8) 

at  J 

Here  the  first  term  on  the  right  is  the  rate  of  increase  of 
relative  angular  momentum,  while  the  second  term  is 
the  rate  of  increase  of  the  angular  momentum  due  to 
the  earth’s  rotation.  This  latter  quantity  (w-angular 
momentum)  can  be  changed  only  by  net  shifts  of  mass 
from  one  latitude  belt  to  another.  Such  shifts  of  mass 
are  measured  in  terms  of  surface  pressure  changes. 

By  use  of  (5),  (6),  (7),  and  (8),  (4)  may  now  be 
written  as 


a 

at 


JpRn  cos  <t>  dV  +  i*>7?s  —  Ip  cos1  <j>  d  V 

at  i 


f 


If 


=  R  cos  0  If  puv  dx  dz  +  wR2  cos2  0 


// 


pvdxdz 


+  j'  pr  da  +•  J'  rr,  dS.  (9) 


This  investigation  consists  of  an  attempt  to  evaluate 
the  six  terms  in  (9)  from  actual  atmospheric  data. 


3.  General  procedure 

The  month  of  January  1946  was  chosen  for  this 
investigation,  mainly  because  of  the  availability  of  the 
necessary  data  for  this  month  and  the  fact  that  a 
general  inspection  of  the  maps  for  this  period  did  not 
reveal  any  too  outstanding  abnormalities.  It  was 
found  later  that  this  month  has  a  somewhat  higher 
than  normal  zonal  index  (surface  westerlies,  700-mb 
westerlies,  and  surface  subtropical  easterlies).  What 
relation  this  may  have  to  the  results  reported  here 
must  await  investigation  of  other  periods  with 
differing  indices. 

The  data  for  sea  level  and  the  500-mb  level  were 
obtained  from  the  Northern  Hemisphere  Historical 
Weather  Maps  [1  J.  The  700-mb  level  data  were  ob¬ 
tained  from  photostats  of  northern -hemisphere  charts 
analyzed  by  the  U.  S.  Air  Force.  On  several  days, 
only  data  for  the  western  half  of  the  northern  hemi¬ 
sphere  were  available  at  700  mb.  There  was  one  map 
per  day  at  each  level :  0400  GCT  at  700  mb  and  500 
mb,  I23C  GCT  at  sea  level.  In  this  study,  the  differ¬ 


ence  between  the  time  of  the  maps  at  sea  level  and 
that  at  higher  levels  was  neglected.  In  general,  com¬ 
plete  data  were  available  from  80°N  to  30° N  at:  the 
upper  levels  and  to  10°N  at  sea  level.  Computations 
for  the  upper  levels  south  of  30°N  were  estimated  from 
the  available  but  incomplete  data  there. 

Throughout  this  study,  it  was  necessary  to  assume 
that  the  actual  wind  was  sufficiently  well  approxi¬ 
mated  by  the  geostrophic  wind,  due  to  the  lack  of 
adequate  actual  wind  data.  Machta  £9]  has  studied 
the  validity  of  this  assumption  as  it  applies  to  the 
transport  of  relative  angular  momentum  through 
computations  based  on  a  theoretical  model  of  a  trough 
with  its  axis  tilted  with  respect  to  the  meridians. 
This  model  suggests  that  fair  agreement  might  be 
expected  between  the  geostrophic  and  actual  trans¬ 
port  of  relative  angular  momentum,  aside  from  the 
effect  of  meridional  circulations. 

Lorenz4  has  also  studied  the  validity  of  the  assump¬ 
tion,  using  geostrophic  deviation  data  gathered  by 
Machta;6  unfortunately  but  necessarily  these  data 
were  limited  to  the  United  States.  His  results  indicate 
that  the  geostrophic  transport  of  relative  angular 
momentum  is  of  the  same  order  of  magnitude  as  the 
actual  transport,  but  the  geostrophic  assumption 
gives  transports  away  from  the  equator  which  are 
somewhat  less  than  the  actual  transport. 

Due  to  the  fact  that  it  was  necessary  to  use  geo¬ 
strophic  winds  and  that  (as  will  be  discussed  later)  the 
density  was  taken  as  constant  for  each  level  and  lati¬ 
tude,  it  was  not  possible  to  compute  directly  the  net 
transport  of  mass  (and  therefore  of  w-angular  momen¬ 
tum)  across  latitude  circles.*  The  method  of  computa¬ 
tion  actually  used  for  these  quantities  will  be  dis¬ 
cussed  later. 

The  surface  frictional  torque  was  computed  from 
the  sea  level  geostrophic  wind,  assuming  the  surface 
wind  to  be  in  the  same  direction  as  and  0.6  as  great 
as  the  sea-level  geostrophic  wind.  The  transport  and 
change  of  relative  angular  momentum  as  computed 
from  the  sea-level  geostrophic  winds  were  assumed 
to  be  representative  of  conditions  at  the  geostrophic 
wind  level.  The  geostrophic  mean  zonal  winds  were 
assumed  equal  to  the  actual  mean  zonal  winds. 

Due  to  the  fact  that  neither  the  transport  of  rela¬ 
tive  angular  momentum  nor  the  surface  frictional 
torque  are  linear  functions  of  wind  velocity,  it  was 
necessary  to  compute  these  quantities  individually 

*  E.  Lorenz,  "Investigation  of  the  general  circulation  of  the 
atmosphere,"  Report  no.  2,  Contract  W28-699  ac-406,  between 
Watson  Laboratories,  AMC,  and  the  Massachusetts  Institute  of 
Technology,  1948. 

*  L.  Machta,  “A  study  of  the  observed  deviations  from  the 
geostrophic  wind,"  Unpublished  Sc.D.  thesis,  Massachusetts 
Institute  of  Technology,  1948  (and  additional  data  not  included 
in  thesis). 

*  The  use  of  the  geostrophic  wind  assumption  leads  to  a  zero 
net  transport  of  mass;  i.e.,  any  contributions  from  circulation 
celts  in  a  meridional  cross  section  repirsentine  the  mean  condition 
around  the  earth  are  automatically  neglected. 
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point  by  point  and  day  by  day,  and  then  to  sum  or 
average  as  needed.  Other  quantities  (change  in  rela¬ 
tive  angular  momentum,  transport  and  change  of 
w-angular  momentum,  torque  due  to  mountains)  are 
linear  functions  and  couid  be  calculated  from  pressure 
profiles  or  (in  the  case  of  the  torque  due  to  mountains) 
mean  maps. 

The  winds  were  calculated  on  the  basis  of  pressure 
(or  contour  height)  data  recorded  for  each  5  degrees 
of  latitude  and  longitude  within  the  limits  of  the 
analysis.  The  wind  components  at  a  given  latitude  and 
longitude  were  obtained  from  the  pressures  (contour 
heights)  5  degrees  north  and  south  (or  east  and  west) 
of  the  given  point.  The  wind  components  at  each 
point  were  assumed  to  be  representative  within  longi¬ 
tudes  2b  degrees  east  and  west  of  the  point  in  com¬ 
puting  the  transport  of  relative  angular  momentum; 
for  computing  the  surface  frictional  torque,  they  were 
assumed  to  be  representative  of  the  area  2|  degrees 
east  and  west,  and  5  degrees  north  and  south,  of  the 
point. 

The  densities  at  each  latitude  and  level  were  taken 
as  the  normal  for  January  at  that  latitude  and  level. 
The  700-mb  densities  were  computed  from  the  normal 
contour  and  temperature  map.7  The  500-mb  densities 
were  extrapolated  (assuming  a  moist  adiabatic  lapse 
rate)  from  the  normal  20,000-ft  pressure  and  tempera¬ 
ture  map  [12J.  The  surface  densities  were  computed 
on  the  basis  of  normal  surface  temperatures  given  by 
Haurwitz  and  Austin  [5] ;  they  were  extrapolated  to 
900  mb  to  obtain  the  densities  at  the  geostrophic  wind 
level.  The  use  of  the  normal,  constant  density  intro¬ 
duces  two  sources  of  error:  first,  from  the  difference 
between  the  normal  January  densities  and  the  mean 
January  1946  densities;  second,  from  the  fact  that  a 
correlation  between  density  and  wind  direction  would 
be  expected.  A  preliminary  investigation  of  the  second 
point  has  indicated  that  it  produces  an  error  in  the 
relative  angular-momentum  transport  whose  magni¬ 
tude  is  of  the  order  of  10  per  cent. 


4.  Transport  of  relative  angular  momentum 

This  is  the  determination  of  the  term, 


R  cos  <p 


ff 


puv  dx  ds. 


in  (9).  In  actual  practice,  the  quantity 


/' 

ft 


prhiv  dX, 


(10) 


which  gives  the  transport  of  relative  angular  momen¬ 
tum  per  unit  time  and  per  unit  height  across  a  given 

7  U-  S.  Weather  Bureau,  “Normal  700-mb  charts,"  Extended 
Forecasting  Section,  Washington,  D.  C.  (unpublished  photo¬ 
stats). 


latitude,  was  determined  at  certain  latitudes  and 
levels. 

For  a  constant-pressure  level,  under  the  procedure 
set  forth  above,  the  transport  is  given  by 


9pg*  cos  4> 
4jru>!sin’d> 


2(Ar)lf(A*)j, 


(H) 


where  the  summation  is  made  for  72  points,  each 
separated  by  S  degrees  of  longitude,  completely 
around  the  parallel  of  latitude.  For  a  constant-level 
surface,  this  transport  is  equivalent  to 


9  cos  4> 

— - — ~ —  2(Ap),(A p)T. 
4vorp  sin’  4> 


(12) 


In  integrating  the  transport  (and  also  the  change) 
of  relative  angular  momentum  through  height,  it  has 
been  assumed  that  the  transport  at  the  geostrophic 
wind  level  is  representative  from  the  surface  (assumed 
to  be  at  sea  level)  to  1.5  km ;  that  at  700  mb,  from  1.5 
km  to  4.5  km;  and  that  at  500  mb,  from  4.5  km  to 
7.5  km.  In  the  absence  of  data  above  500  mb,  no 
attempt  was  made  to  estimate  the  vertical  distribu¬ 
tion  of  the  transport  and  change  of  relative  angular 
momentum  above  7.5  km.  In  integrating  through  time, 
it  has  been  assumed  that  a  quantity  computed  from  a 
map  is  representative  of  the  period  from  1 2  hours  be¬ 
fore  to  12  hours  after  map  time. 

Fig.  1  shows  the  net  total  transport  of  relative 
angular  momentum  in  the  three  layers  from  map  time 
of  1  January  1946  to  map  time  of  31  January  1946. 
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Fig.  i.  Net  amounts  of  relative  angular  momentum  (in  units  of 
10”  g  cm*  sec-1)  transported  horizontally  by  geostrophic  motion 
across  entire  latitude  circles  during  January  1946  for  the  indi¬ 
cated  horizontal  layers. 

It  will  be  noted  that  there  is  generally  a  poleward 
transport  of  relative  angular  momentum  and  that  the 
transport  generally  increases  with  height  south  of 
50°N.  The  transport  increases  with  increasing  latitude 
up  to  35°N,  presumably  due  to  the  addition  of  angular 
momentum  to  the  atmosphere  in  the  zone  of  surface 
easterly  winds.  It  decreases  north  of  35°N,  presum¬ 
ably  due  to  the  removal  of  angular  momentum  in  the 
surface  westerlies.  There  is  some  evidence,  particu¬ 
larly  in  the  highest  layer  shown,  at  65°N,  of  a  com¬ 
paratively  minor  flow  of  angular  momentum  gen¬ 
erated  in  the  polar  easterlies,  southward  to  the  zone 
of  the  surface  westerlies. 
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5.  Change  of  relative  tnguUr  momentum 

The  relative  angular  momentum  of  a  given  hori¬ 
zontal  layer  of  air  of  unit  thickness  between  two 
latitudes  is 

J*  f”  pur*Rd<t>d\.  (13) 

* 

For  a  constant-pressure  level,  this  becomes 
_ 

-«~118.R,pg{A*)*[cos$  +  In  tan  .  (14) 

♦i 

and  for  a  constant-height  level 

— ^"'ISjRHA/O^cos  $  +  In  tan  (IS) 

♦» 


infinity.*  The  second  is  the  transport  of  ^-angular 
momentum  which  can  be  computed  directly  from  the 
transport  of  mass.  However,  as  was  noted  earlier, 
the  use  of  the  geostrophic  assumption  prevents  any 
direct  computation  of  the  mass  transport.  The  trans¬ 
port  of  mass  has  therefore  been  computed  from  tho 
changes  of  mass  and  continuity  considerations,  start¬ 
ing  at  the  north  pole  and  assuming  no  net  vertical 
transport  of  mass  between  layers  within  a  latitude 
belt,9  inasmuch  as  ali  net  transport  of  mass  into  a 
polar  cap  must  take  piace  through  the  latitude  circle 
at  its  southern  boundary. 

The  change  in  mass  within  a  latitude  belt  is  com¬ 
puted  from  the  changes  in  the  pressures  within  that 
belt  and  is  converted  to  change  in  w-angular  momen¬ 
tum  by  multiplying  by 


In  this  study,  it  is  chiefly  the  change  in  relative  angular 
momentum  over  a  period  of  time  that  is  of  interest. 
This  corresponds  to  the  term, 

3  r 

—  I  pRu  cos  <f>  d  V, 

dtJ 

in  (9).  The  changes  in  the  relative  angular  momentum 
within  the  three  layers  from  the  first  to  the  last  day 
of  January  1946  are  given  in  table  1.  In  general  there 

Table  1.  Changes  in  relative  angular  momentum  from  map  time 
of  I  January  1946.  to  map  time  of  31  January  1946 
(in  units  of  10**  g  cm*  sec-1). 


Latitude 

belt 

0-1. S  km 

Levels 

1.5-4. 5  km 

4.5-7. 5  km 

75-65 

-  10 

+-  16 

-  7 

65-55 

+  4 

+  38 

+  28 

55-45 

+  101 

+  107 

+  174 

45-35 

-  38 

+  146 

+  10 

35-25 

-186 

-331 

-203 

25-20 

-123 

-  9 

0 

20-15 

-  78 

-194 

+  112 

was,  during  the  month,  an  increase  of  relative  angular 
momentum  in  the  temperate  westerlies  and  a  decrease 
in  the  zone  south  of  3S°N. 


6.  Change  and  transport  of  w-angular  momentum 

This  is  the  determination  of  the  terms 
3 


and 


wR*  —  f  p  cos’  d  V, 

dt  J 


ai/Pcoe*^ 


If 


po  dx  dt. 


in  (9)  (the  integrated  effect  from  1  January  to  31 
January  1946  being  considered  here).  The  first  is  the 
change  of  w-angular  momentum  and  is  computed 
through  computing  the  changes  of  mass  within  cer¬ 
tain  latitude  belts  in  the  three  layers:  surface  to 
10.000  ft,  10,000  ft  to  18,000  ft,  and  18,000  ft  to 


—  P  ur'd*  «  +  J  sin  2<p]*  ’  •  (16) 

&<f>  J* i  *> 

The  transport  of  mass  across  a  latitude  circle  is  con¬ 
verted  to  transport  of  ^-angular  momentum  by  multi¬ 
plying  by  r*«.  Fig.  2  illustrates  the  net  change  and 
transport  of  w-angular  momentum  from  map  time  of 
1  January  1946,  to  map  time  of  31  January  1946. 


FlC.  2.  Net  horizontal  transport  across  entire  latitude  circles 
during  January  1946  (arrows)  and  change  (figures  centered  in 
blocks  in  parentheses)  of  angular  momentum  due  to  the  earth's 
rotation  (w-angular  momentum)  from  map  time  1  January  1946 
to  map  time  31  January  1946,  assuming  no  net  vertical  transport 
of  mass  (in  units  of  10*  g  cm’  sec*1). 

7.  Surface  frictional  torque 

The  surface  frictional  torque  corresponds  to  the 
term 

J"  rrzdS, 

in  (9) ;  its  contribution  per  unit  time  within  a  latitude 
belt  is  £2] 


rx  *ph(m*  4-  t d<t>  d\.  (17) 

*  The  700-  and  500-mb  contour  heights  were  converted  to  pres¬ 
sures  at  10,000  ft  and  18,000  ft  respectively. 

’  This  assumption  of  no  vertical  transport  of  mass  is  admittedly 
questionable,  but  it  is  necessary  to  obtain  any  estimate  of  the 
vertical  distribution  of  the  transport  of  w-angular  momentum. 
It  does  not  affect  the  total  of  the  transport  from  the  surface  to 
infinity;  the  vertical  distribution  of  this  transport  is  in  enor  to 
the  extent  that  this  assumption  is  in  error. 
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Under  the  previously  stated  procedure,  this  is  equiva¬ 
lent  to 

— “O  +  cot  *3  2(AP)J  {AP)*  +  .  (18) 

4 ur*p  *•  L  Los’  4>  J 

The  determination  of  the  surface  frictional  torque 
is  perhaps  the  most  questionable  of  any  of  the  pro¬ 
cedures  used  in  this  study.  To  begin  with,  the  entire 
subject  of  the  stresses  exerted  by  a  moving  fluid  on  its 
boundary  has  not  been  satisfactorily  determined  and 
the  relation  used  in  this  study  (essentially  that  the 
force  is  equal  to  *pc2,  where  c  is  here  the  relative  speed 
of  the  fluid)  is  not  necessarily  the  best  one.  The  value 
of  k,  the  coefficient  of  skin  friction,  varies  with  the 
type  and  topography  of  the  surface,  probably  with 
wind  speed,  and  very  probably  with  other  factors. 
It  is  hoped  that  the  value  used  here  (0.003)  is  a 
reasonable  approximation  of  a  satisfactory  mean 
value.  In  addition,  the  values  of  u  and  v  in  the  com¬ 
putation  have  been  taken  as  0.6  of  the  sea-level 
geostrophic  wind  with  no  correction  for  the  commonly 
observed  change  in  direction  between  the  surface  and 
the  geostrophic  wind  level. 

In  both  the  surface  frictional  torque  and  the  torques 
due  to  differentials  of  pressure  across  mountain  ranges, 
the  sign  convention  has  been  chosen  so  that  a  minus 
sign  indicates  transfer  of  angular  momentum  from  the 
earth  to  the  atmosphere  and  vice  versa.  This  arbitrary 
convention  was  so  chosen  because  the  sign  of  the  sur¬ 
face  frictional  torque  is  then  the  same  as  the  sign  of 
the  eastward  component  of  the  surface  wind  velocity. 

The  values  of  the  surface  frictional  torques  within 
certain  latitude  belts  in  the  period  from  l  January 
1946  to  31  January  1946,  are  given  in  table  2. 


Table  2.  integrated  effect  of  surface  frictional  torque  from  map 
time  of  1  January  1946  to  map  time  of  31  January  1946 
(in  units  of  10**  g  cm*  sec"1). 


Latitude  belt 

Torque 

80-75 

_ 

86 

75-70 

— 

158 

70-65 

— 

122 

65-60 

— 

188 

60-55 

+ 

606 

55-50 

4 

875 

50-45 

4- 

1251 

45-40 

4 

1842 

40-35 

+ 

138 

35-30 

4 

205 

30-25 

1530 

25-20 

— 

2470 

20-tS 

— 

4770 

1S-10 

—  ' 

10190 

8.  Torques  due  to  differentials 

of  pressure  across 

mountain  ranges 


This  corresponds  to  the  term 
pr  da 


in  (9)  and  was  computed  by  White  [14].  The  reader 
is  referred  to  his  report  elsewhere  in  this  issue  for  a 
discussion  of  the  procedure  used.  The  time-integrated 
values  of  the  mountain  torques  are  given  in  table  3. 

Table  3.  Integrated  effect  of  torques  due  to  differentials  of 
pressure  across  mountain  ranges  from  map  time  of 
1  January  1946  to  map  time  of  31  January  1946 
(in  units  of  10’*  g  cm*  sec'1). 


Latitude  belt 

Torque 

65-60 

-  411 

60-55 

-  221 

55-50 

4  191 

50-45 

4  870 

45-40 

4-1550 

4C-35 

4  963 

35-30 

4  194 

30-25 

-  68! 

The  procedures  used  in  all  the  calculations  given 
above  have  many  sources  of  error.  In  addition  to  those 
mentioned  previously,  perhaps  one  of  the  most  serious 
is  the  smoothing  of  the  pressure  (and  contour  height) 
patterns,  both  in  the  original  analyses  and  in  the  sub¬ 
sequent  manipulations.  It  is  felt  that,  in  general,  the 
values  computed  are  correct  at  least  as  to  direction  and 
order  of  magnitude.  It  is  probably  not  possible  to 
improve  the  accuracy  of  the  procedure  in  any  major 
degree  with  the  data  available  at  the  present  time. 

9.  Conclusions 

This  study  has  confirmed  the  picture  of  the  genera¬ 
tion  and  transport  of  angular*  momentum  which  was 
proposed  by  Starr  from  theoretical  considerations. 
This  can  be  seen  by  reference  to  the  various  tables  and 
diagrams  which  have  been  previously  mentioned. 
Angular  momentum  is  generated  in  the  subtropical 
easterlies,  is  transported  northward,  and  is  lost  to  the 
earth  in  the  prevailing  westerlies.  The  polar  easterlies 
act  as  a  secondary,  but  rather  minor,  source  of  angular 
momentum.  Inasmuch  as  the  transport  of  w-anguiar 
momentum  can  have  no  progressive  net  effect  over 
long  periods  of  time,  fig.  I  perhaps  represents,  in  a 
very  general  way,  the  long  term  horizontal  transport 
of  angular  momentum  in  the  atmosphere. 

Starr  stated  without  detailed  discussion  that  the 
interchange  of  angular  momentum  between  the  earth 
and  the  atmosphere  might  be  effected  by  the  differen¬ 
tials  of  pressure  across  mountain  ranges  as  well  as 
by  surface  friction.  This  has  turned  out  to  be  the 
actual  existing  condition  ( cf tables  2  and  3)  ;  the  two 
processes  are  found  to  be  of  the  same  order  of  magni¬ 
tude.  Furthermore,  for  the  month  as  a  whole,  the  two 
effects  have  generally  the  same  direction  at  the  same 
latitude.  White  has  found  that  the  torque  due  to  the 
mountains  during  January  1946  closely  approximates 
the  normal  condition  for  the  month  of  January. 

Although  over  long  periods  of  time,  there  can  be  no 
progressive  net  change  or  transport  of  w-angular 
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FlG.  3.  Net  total  generation  and  transport  of  absolute  angular  momentum  from  map  time  1  January  1946  to  map  time  31  January 
1946  (in  units  of  ltP’  g  cm*  sec"1).  Small  arrows  indicate  total  flow  of  angular  momentum  between  adjacent  vertical  or  horizontal 
boundaries.  Values  in  parentheses  indicate  total  change  of  angular  momentum  within  block.  Each  streamline  indicates  net  flow  of 
approximately  500  X  10”  g  cm’  sec"1  of  angular  momentum.  Dotted  streamlines  indicate  flow  of  relative  angular  momentum  at  unde¬ 
termined  heights  above  7.5  km. 


momentum,  it  has  been  found  that  during  January 
1946  the  u>-angular  momentum  and  the  relative  angu¬ 
lar  momentum  terms  were  in  general  of  the  same  order 
of  magnitude,  considering  both  individual  days  and  the 
entire  month.  On  some  days,  the  ^-angular  momentum 
term  was  larger  than  the  relative  angular  momentum 
term.  It  would  be  expected  that  there  should  be  a 
normal  change  and  transport  of  u-angular  momentum 
for  the  month  of  January;  this  could  be  determined  if 
normal  maps  for  January  1  and  January  31  were 
available.  How  closely  January  1946  resembles  this 
normal  is  not  known.1" 

It  is  extremely  desirable  to  construct  an  integrated 
picture  of  the  contributions  from  all  the  terms  of  the 
angular  momentum  equation  (9).  In  constructing  this 
picture,  it  was  found  advisable  to  take  account  of  the 
fact,  previously  mentioned,  that  the  actual  poleward 
transport  of  relative  angular  momentum  is  somewhat 
greater  than  the  geostrophic  transport.  It  has  been 
assumed  for  this  purpose,  somewhat  arbitrarily,  that 
the  actual  transport  is  1.5  times  the  geostrophic  trans¬ 
port. 

Such  a  picture  is  given  in  fig.  3,  which  illustrates  the 
total  generation  and  transport  of  absolute  angular 

>•  Later  preliminary  investigations  using  normal  maps  for 
Liecember,  January,  and  February  have  indicated  that  the 
change  and  transport  of  w-angular  momentum  during  January 
1946  was  considerably  larger  than  that  which  is  normal  for 
January. 


momentum  during  January  1946.  All  transport  of 
w-angular  momentum  is  shown  as  occurring  below 
7.5  km ;  therefore,  all  the  transport  above  this  level 
(the  vertical  distribution  of  which  is  at  present  in¬ 
determinate)  is  in  the  form  of  relative  angular  mo¬ 
mentum.  The  vertical  transport  of  angular  momentum 
was  obtained  from  continuity  considerations,  begin¬ 
ning  with  the  lowest  layer. 

It  n  possible,  from  this  figure,  to  present  the  pic¬ 
ture  envisioned  by  Starr  in  somewhat  greater  detail. 
Not  only  does  the  horizontal  transport  of  angular 
momentum  increase  in  general  up  to  the  limit  of  the 
data,  but,  furthermore,  apparently  about  one-half  as 
much  angular  momentum  is  transported  northward 
across  35°N  above  7.5  km  as  below.  The  southward 
transport  of  the  angular  momentum  generated  in  the 
polar  easterlies  would  appear  to  occur  chiefly  above 
7.5  km.  The  vertical  transport  of  the  angular  momen¬ 
tum  is  concentrated  mainly  over  the  regions  of  genera¬ 
tion  and  loss. 

Inspection  of  fig.  3  reveals  that  apparently  con¬ 
siderably  more  angular  momentum  was  generated  than 
can  be  accounted  for  by  loss  in  the  westerlies  and  in¬ 
creases  in  the  angular  momentum  of  the  atmosphere 
(even  if  reasonably  large  increases  are  assumed  to 
occur  above  7.5  km).  This  excess  of  generation  is  even 
more  pronounced  when  it  is  realized  that  the  region 
between  10°N  and  the  equator  (not  included  on  the 
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figure  due  to  lack  of  data)  can  also  be  assumed  to  be 
a  region  of  generation-  It  would  appear  that  the  only 
area  available  to  act  as  a  sink  for  this  excess  momen¬ 
tum  would  be  the  southern  hemisphere.  A  semiquanti- 
tativc  investigation  of  the  plausibility  of  this  assump¬ 
tion  was  made,  using  a  mean  January  surface  pressure 
profile  for  the  years  1910-1934  extending  from  70° N 
to  60°S.  (This  profile  was  prepared  by  the  Extended 
Forecasting  Project  at  Massachusetts  Institute  of 
Technology  from  data  in  £10].)  The  surface  frictional 
force  was  approximated  from  the  mean  zona!  wind." 
As  no  estimate  was  possible  of  the  torque  due  to  the 
mountains  in  the  southern  hemisphere,  the  effect  of 
the  mountains  was  neglected  throughout. 

Although  the  results  obtained  probably  have  only  a 
qualitative  validity,  they  do  appear  to  indicate  that 
more  angular  momentum  is  generated  in  the  northern 
hemisphere,  particularly  in  the  tropical  and  sub¬ 
tropical  latitudes,  than  is  dissipated  in  the  northern- 
hemisphere  temperate  latitudes.  The  reverse  is  true 
in  the  southern  hemisphere,  due  chiefly  to  the  great 
surface  intensity  of  the  temperate  latitude  circum¬ 
polar  vortex.  There  would  appear  to  be,  then,  in  the 
mean,  an  appreciable  net  transport  of  angular  mo¬ 
mentum  from  the  northern  to  the  southern  hemisphere 
during  January.  In  fact,  a  qualitative  inspection  of 
similar  profiles  for  other  seasons,  indicates  that  while 
in  some  seasons  both  hemispheres  may  be  substan¬ 
tially  self-sufficient  as  to  angular  momentum,  at  no 
time,  in  the  mean,  would  there  apparently  be  an 
appreciable  net  transport  of  angular  momentum  from 
the  southern  to  the  northern  hemisphere  while  the 
reverse  might  apparently  often  be  the  case.  Investiga¬ 
tions  by  White  of  the  normal  torque  due  to  the  moun¬ 
tains  in  the  northern  hemisphere  indicate  that  this 
factor,  although  changing  the  magnitude  of  the  ex¬ 
cesses  and  deficits,  does  not  eliminate  the  excess  of 
angular  momentum  generated  in  the  northern  hemi¬ 
sphere. 

The  mechanism  of  the  transport  of  angular  momen¬ 
tum  across  the  equator  is  far  from  apparent,  and  it  will 
probably  require  an  extensive  study  of  equatorial  air 
currents,  based  on  actual  rather  than  geostrophic  wind 
data  at  all  levels,  even  to  begin  to  understand  it.  The 
above  results  would,  nevertheless,  seem  to  lend  sup¬ 
port  to  the  opinions  of  those  who  believe  that  no  final 
solution  of  the  general  circulation  problem  can  be 
reached  without  considering  the  joint  interaction  of 
both  hemispheres.  Some  further  studies  of  these  points 
and  the  interesting  possibilities  arising  from  them  are 
now  under  way  at  the  Massachusetts  Institute  of 
Technology. 

The  interchange  of  angular  momentum  between  the 

11  The  surface  frictional  force  correlates  with  the  mean  zonal 
surface  wind  (around  a  latitude  belt)  to  give  a  coefficient  of 
+0.81  or  better,  on  a  daily  basis. 


earth  proper  and  the  atmosphere  may,  at  times, 
produce  a  considerable  net  shift  of  angular  momentum 
from  one  member  of  the  system  to  the  other.  Due  to 
the  great  difference  in  the  masses  of  the  two,  relatively 
large  changes  in  the  atmospheric  angular  momentum 
would  be  expected  to  produce  only  small  variations 
in  the  rate  of  rotation  of  the  earth.  To  determine  the 
order  of  magnitude  of  this  change,  it  was  decided  to 
determine  what  the  effect  would  be  if  the  atmosphere 
were  to  lose  all  its  relative  angular  momentum  to  the 
earth  and  the  two  were  to  rotate  as  a  solid.  The  rela¬ 
tive  angular  momentum  of  the  earth  proper  was 
estimated  from  data  on  its  surface  density  and  mass 
[63,  assuming  a  linear  increase  in  density  from  the 
surface  to  the  center.  The  relative  and  w-angular 
momentum  of  the  atmosphere  was  estimated  from  the 
January  1946  data,  assuming  the  southern  hemisphere 
to  he  a  mirror  image  of  the  northern  hemisphere. 11  It 
was  found  that  even  this  change  in  the  angular  mo¬ 
mentum  distribution,  extreme  as  it  is,  would  decrease 
the  length  of  a  year  (*,«.,  365  revolutions)  by  only  0.8 
sec.  It  is  understood  that  this  change  would  be  just 
noticeable  from  astronomical  observations  if  it  were 
to  persist  for  an  entire  year.  1 1  would  therefore  appear 
that  there  is  little  hope  of  determining  short  period 
variations  in  the  atmospheric  angular  momentum  from 
changes  in  the  speed  of  the  earth's  rotation. 

It  is  interesting  for  purposes  of  comparison  to 
compute  the  mean  relative  angular  momentum  of  a 
major  part  of  the  atmosphere  of  the  northern  hemi¬ 
sphere.  The  average  value  of  this  quantity  for  the 
month  of  January  1946,  for  the  portion  of  the  at¬ 
mosphere  bounded  by  latitudes  35°N  and  75°N,  the 
surface  and  7.5  km,  is  2400X102*  g  cm2  sec'1.  The 
amount  of  angular  momentum  removed  from  within 
these  boundaries,  due  to  the  surface  frictional  torque 
and  the  torque  due  to  the  mountains,  during  the 
thirty  days  under  consideration  was  718SX105* 
g  cm2  sec-1.  It  is  clear  that  if  no  angular  momentum 
were  transported  through  the  boundaries  except  at  the 
surface  and  if  the  values  of  the  torques  were  to  remain 
constant  in  spite  of  the  resultant  decrease  in  the  mo¬ 
tion,  the  atmosphere  within  this  region  would  cease  to 
have  any  net  relative  angular  momentum  after  ap¬ 
proximately  ten  days,  The  necessity  for  a  continual 
poleward  transport  to  maintain  the  normally  ob¬ 
served  circulation  is  apparent. 
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12  Angular  momentum  of  solid  earth  —  52.4  X  10**  g  cm*  sec-*. 
Relative  angular  momentum  of  the  atmosphere  ■*  12,82  X  10" 
g  cm*  sec-1,  ueangular  momentum  of  the  atmosphere  -  1.021 
X  10“  g  cm*  sec-1. 
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give  a  continual  assistance  as  has  been  indicated,  in 
part,  above. 

Various  data  were  obtained  through  the  courtesy  of 
Dr.  H.  Wesder  and  Mr.  J.  Nam  Las  of  the  United  States 
Weather  Bureau  and  Dr.  H.  C.  Willett  of  the  Massa¬ 
chusetts  fnstitute  of  Technology. 

Credit  is  due  for  the  contribution  of  the  writer’s 
wife,  in  undertaking  the  tedious  task  of  recording  data 
read  from  various  maps. 

Table  of  Symbols 

R  "  mean  radius  of  the  earth 
r  «  distance  from  the  earth's  axis 
<j>  ■=  latitude 
k  *  longitude 

u  *  eastward  component  of  the  wind  velocity 
(along  a  parallel  of  latitude) 
v  northward  component  of  wind  velocity 
g  ■*  acceleration  of  gravity 
p  =»  density 

m  =  angular  speed  of  rotation  of  the  earth 
x  ®*  linear  distance  in  eastward  direction  (along 
a  parallel  of  latitude) 
s  =  linear  distance  along  the  vertical 
M  —  absolute  angular  momentum  per  unit  mass 
D,  <*  eastward  component  of  frictional  force  per 
unit  volume 
p  =  pressure 
t  *=  time 

(As),  «=  difference  in  contour  height  across  a  10-degree 
interval  northward 

(As)*  =  difference  in  contour  height  across  a  10-degree 
interval  eastward 

(Ap),  *  different*  in  pressure  across  a  10-degree  in¬ 
terval  northward 


(A p)t  =>  difference  in  pressure  across  a  10-degree  in¬ 
terval  eastward 

«  «»  coefficient  of  skin  friction  (assumed  0.003) 
(Ap),  «  difference  in  mean  pressure  between  two 
given  latitudes 

(A*),  —  difference  in  the  mean  contour  height  between 
two  given  latitudes. 
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THE  ROLE  OF  MOUNTAINS  IN  THE  ANGULAR -MOMENTUM  BALANCE  OF 

THE  ATMOSPHERE 

By  Hohert  M.  Whit* 

Massachusetts  institute  of  Technology' 

(Manuscript  received  4  February  1949) 


There  exists  an  extensive  literature  on  the  relation 
of  mountains  to  meteorological  phenomena  which 
emphasizes  the  important  role  that  these  stable  natural 
barriers  play  in  meteorology.  Many  of  the  studies  deaf 
with  the  thermodynamical  effects  on  air  flowing  across 
these  barriers,  while  others  attempt  to  evaluate  the 
hydrodynamical  effects  produced.  Starr  £4]  recently 
has  pointed  out  the  importance  of  mountain  ranges  in 
the  angular-momentum  balance  of  the  atmosphere. 
The  mountain  effect  discussed  here  deals  only  with 
this  role. 

The  basis  of  Starr’s  projiosal  is  that  the  flow  of 
absolute  angular  momentum  in  the  atmosphere  con¬ 
stitutes  an  important  feature  of  the  general  circulation, 
and  hence  any  complete  theory  of  the  general  circula¬ 
tion  should  explain  the  observed  exchanges  of  angular 
momentum.  Since  the  atmosphere  and  earth  can  be 
considered  a  closed  system,  the  only  way  in  which  the 
atmosphere  can  gain  or  lose  angular  momentum  is  by 
interaction  with  the  earth’s  surface.  Interaction  with 
the  earth’s  surface  may  occur  in  two  ways;  either 
through  surface  frictional  interaction,  or  through  inter¬ 
action  due  to  the  torques  exerted  by  mountain  ranges. 

The  surface  frictional  effects  are  such  as  to  produce 
eastward  torques  on  the  atmosphere  in  the  regions  of 
easterly,  winds,  and  westward  torques  in  regions  of 
westerly  winds.  Between  the  equator  and  about  35°N 
in  the  region  of  easterly  trades,  there  is  a  continual 
flow  of  angular  momentum  into  the  earth’s  atmos¬ 
phere.  In  midlatitudes  the  surface  frictional  inter¬ 
action  acts  to  abstract  angular  momentum  from  the 
atmosphere  in  the  region  of  prevailing  westerlies.  In 
the  weak  polar  easterly  cell  there  is  again  a  flow  of 
angular  momentum  from  the  earth  to  the  atmosphere. 
The  angular-momentum  exchange  by  surface  frictional 
interaction  depends  on  the  direction  of  the  wind,  and 
its  intensity  depends  on  the  strength  of  the  surface 
winds  and  the  distance  from  the  polar  axis. 

On  the  other  hand,  the  angular-momentum  ex¬ 
change  between  atmosphere  and  earth  due  to  the 
torque  exerted  by  mountain  ranges  is  not  dependent 
on  wind  direction  in  the  same  way,  but  is  rather  de¬ 
termined  by  the  magnitude  of  the  pressure  difference 
across  mountains.  The  mechanism  of  mountains  in 
exerting  a  torque  on  the  atmosphere  can  be  considered 

1  This  investigation  was  made  possible  through  funds  made 
available  under  terms  of  Contract  No.  W28-099  ac-406  between 
the  U.  S.  Air  Force  and  the  Massachusetts  Institute  of  Tech¬ 
nology. 


simply  as  this  differential  pressure  effect.  Jf  the  pres¬ 
sure  on  the  eastern  side  of  the  range  is  greater  than  the 
pressure  on  the  western  side,  the  mountain  range  must 
exert  a  force  on  the  atmosphere  directed  to  the  east. 
The  situation  is  reversed  when  the  pressure  is  higher 
to  the  west  than  the  east. 

As  a  matter  of  convention,  the  mountain  effect  is 
defined  as  positive  when  the  mountains  act  to  ab¬ 
stract  angular  momentum  from  the  atmosphere,  that 
is,  when  the  pressure  on  the  west  side  of  a  mountain 
range  is  greater  than  the  pressure  on  the  eastern  side. 
This  is  the  case  when  mountains  act  to  slow  down  the 
westerlies,  since  in  those  regions  the  winds  are  travel¬ 
ing  faster  in  an  easterly  direction  than  the  surface  of 
the  earth.  The  mountain  effect  is  defined  as  negative 
when  the  mountains  act  to  supply  angular  momentum 
to  the  atmosphere,  that  is,  when  the  pressure  is  higher 
on  the  eastern  side  of  the  mountain  than  on  the  western 
side.  In  view  of  the  fact  that  extensive  amounts  of 
pressure  data  are  available,  it  was  decided  to  study 
observationally  the  torques  so  produced,  both  on  a 
daily  and  monthly  normal  basis. 

One  of  the  problems  in  the  measurement  of  these 
effects  from  data  is  the  construction  of  accurate 
topographic  profiles  of  sufficient  simplicity  to  permit 
easy  calculation  of  pressure  differences  across  moun¬ 
tain  ranges  that  would  be  representative.1  It  was 
necessary  to  establish  some  basis  for  determining  the 
effective  heights  of  the  principal  mountain  barriers  of 
the  northern  hemisphere.  Isolated  mountain  peaks 
extending  far  above  the  general  level  of  the  mountain 
chain  could  be  of  little  consequence  in  computing  the 
pressure  difference  across  the  range.  It  was  assumed 
that  only  mountain  ranges  of  broad  latitudinal  or 
longitudinal  extent  could  be  significant  as  barriers 
across  which,  on  the  average,  significant  differences  in 
pressure  could  occur.  All  mountains  whose  extent  is 
less  than  five  degrees  ©f  latitude  or  five  degrees  of 
longitude  were  neglected.  The  validity  of  this  assump¬ 
tion  is  borne  out  by  the  data. 

By  nature  mountains  rise  to  their  heights  irregularly, 
so  that  it  was  necessary  to  simplify  their  profiles  con¬ 
siderably.  Thus  it  was  decided  to  break  each  mountain 
range  down  into  a  series  of  1-km  blocks  across  which 
the  pressure  differences  were  calculated.  These  sim¬ 
plifications  lead  to  inaccuracies,  but  by  no  means  are 
these  errors  seriously  detrimental  to  the  final  results. 

1  Topographic  profiles  were  determined  with  the  aid  of  [2]. 
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Fig.  t.  Normal  monthly  total  amounts  of  angular  momentum 
transferred  from  the  atmosphere  to  the  earth  due  to  mountain 
torques,  in  units  of  10*1  g  cm*  sec”1  per  5 degree  latitude  belt. 
(Negative  values  indicate  transfer  from  earth  to  atmosphere.) 

Within  the  limits  of  the  accuracy  of  available  pressure 
data  the  procedure  seems  to  be  sound.  South  of  2S°.N 
the  mountain  barriers  are  few  and  the  data  sparse. 
North  of  6S°N  the  only  real  mountain  range  is  the 
Greenland  ice  cap,  an  effective  barrier  some  2-3  km  in 
height.  However  in  view  of  the  proximity  to  the  pole, 
and  in  view  of  the  paucity  of  data,  it  was  decided  to 
assume  the  mountain  effect  north  of  65“N  to  lie  negli¬ 
gible.  This  assumption  is  borne  out  b>  results  of  tin- 
research. 

The  monthly  normal  sea-level  pressure  data  for  the 
northern  hemisphere  were  taken  from  figures  after 
Shaw  [3].  Data  for  the  twelve  months  of  the  year  were 
available  for  every  five  degrees  of  latitude  and  every 
ten  degrees  of  longitude.  Monthly  normal  10,000-ft 
pressures  were  taken  from  data  gathered  and  compiled 
by  the  U.  S.  Army  Air  Forces  (1944  revised).  The 
month  of  January  1946  was  selected  for  a  detailed 
breakdown  of  the  mountain  effect  or.  a  daily  basis. 
Sea-level  and  upper-air  pressure  data  for  this  month 
were  obtained  from  figures  after  Widger  [5]  based  on 
daily  synoptic  weather  charts  prepared  by  the  U.  S. 
Air  Forces  £lj.  The  computations  described  below 
are  based  entirely  on  these  sea-level  and  10,000-ft 
pressures. 

The  average  pressure  differences  across  each  1-km 
block  of  mountain  range  was  computed.  It  was  neces¬ 
sary  to  assume  a  linear  decrease  of  pressure  with  height 
between  sea  level  and  3  km.  Some  minor  error  is  in¬ 
troduced  here  in  view  of  the  fact  that  sea-level  pres¬ 
sures  have  been  reduced  artificially  from  station  level 
and  this  reduction  is  not  exactly  ‘'reversed"  by  the 
assumption  of  a  constant  lapse  of  pressure  with  height. 
In  some  instances  when  the  3-km  pressures  were 
unavailable  it  was  assumed  that  the  pressure  difference 
across  the  mountain  at  that  level  was  zero.  The  pres¬ 
sure  differences  were  summed  for  each  latitude,  the 
total  representing  the  pressure  force  acting  along  that 


belt  of  latitude  around  the  entire  hemisphere  over  .i 
meridional  distance  of  one  centimeter.  In  order  to  find 
the  torque  exerted  by  the  mountains,  it  was  necessary 
to  multiply  this  result  by  the  cosine  of  the  latitude  and 
by  the  mean  radius  of  the  earth.  It  was  assumed  that 
the  mountain  effect  obtained  for  a  one  centimeter 
zonal  strip  is  representative  of  a  zonal  strip  2J°  to  the 
north  and  south  of  the  given  latitude  line. 

The  total  normal  monthly  mountain  effect  was 
computed  for  each  of  the  12  months  of  the  year  by  5- 
degree  latitude  belts  between  2S°N  and  6S°N.  The  re¬ 
sults  are  shown  graphically  in  fig.  1.  The  magnitude 
and  basic  regularity  of  pattern  suggests  that  the 
mountain  effect,  which  in  itself  is  a  product  of  the 
pressure  distribution  around  the  earth,  is  an  important 
part  of  the  angular-momentum  balance  in  the  atmos¬ 
phere.  The  maximum  values  of  the  mountain  effect 
are  found  at  the  beginning  of  the  summer  season  and 
the  beginning  of  the  winter  season.  However,  there 
exists  a  significant  difference  in  the  character  of  these 
maxima.  During  the  month  of  June  it  is  most  note¬ 
worthy  that  the  mountain  effect  acts  to  abstract 
momentum  from  the  atmosphere  from  25°N  to  60°N 
over  almost  the  entire  range  of  the  northern  hemis- 
sphere.  Within  the  limits  of  the  data,  the  only  area 
where  the  mountains  supply  momentum  to  the  at¬ 
mosphere  in  June  is  north  of  60°\,  but  the  amount 
is  insignificant. 

On  the  other  hand,  the  month  of  January  shows 
quite  a  different  picture.  Mountains  act  to  abstract 
momentum  from  the  atmosphere  only  in  a  restricted 
area  between  40°\  and  60°N  in  the  belt  of  prevailing 
westerlies.  During  January  the  maximum  positive 
effect  is  between  45°-50°N,  while  in  June  the  maximum 
|s>sitive  effect  is  located  In-tween  40o-45°\.  It  would 
apfx-ar  that  the  intensification  and  extension  of 
the  area  of  jxtsitive  mountain  effect  into  the  sub¬ 
tropics  during  May  and  June  is  a  normal  feature  of 
the  angular-momentum  balance  of  the  atmosphere. 
Thus  the  westerlies,  which  arc  already  weak  in  June, 
cannot  abstrac*  through  friction  the  large  amounts  of 
momentum  still  l>cing  generated  by  the  relative!) 
strong  subtropical  easterlies.  Apparently  at  least  pari 
of  the  excess  is  removed  by  mountain  torques.  !  here 
is,  however,  no  comparable  reverse  effect  during  the 
early  winter  when  the  westerlies  are  strong.  I  here  is 
then  perhaps  no  need  for  such  a  process.  When  con¬ 
sidered  in  this  light  the  mountain  effect  may  act  as  an 
additional  regulating  factor  in  the  production  and 
consumption  of  angular  momentum.  Presumably  it  is 
able  to  act  in  this  manner  because  it  is  not  de|>endcnt 
on  the  zonal  winds. 

It  is  interesting  to  note  the  gradual  progression  of 
the  reversal  point  of  the  mountain  effect  toward  the 
tropics  with  the  approach  of  spring  and  its  retreat 
back  to  its  normal  winter  position  between  40°-50°N 
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during  the  remainder  «f  the  year.  Tile  revers.il  (mint  is 
defined  as  the  more  southern  latitude  at  which  the 
mountain  edict  changes  from  negative  to  jiositive. 

In  general  the  latitude  of  maximum  abstraction  of 
angular  momentum  occurs  in  the  region  of  prevailing 
westerlies.  As  one  proceeds  northward,  angular  mo¬ 
mentum  is  .distracted  during  longer  and  longer 
l»eriods.  Thus  at  35°-* 10°\T,  such  momentum  is  ab¬ 
stracted  only  during  May  and  June;  at  40°-45<>N 
momentum  is  abstracted  during  the  entire  year.  This 
continues  to  latitude  55°.\"  whero  the  abstraction  of 
momentum  varies  from  month  to  month  but  is  always 
weak.  North  of  60°N  momentum  is  supplied  in  small 
amounts  during  the  greater  number  of  months  of 
the  year. 

1'he  daily  values  of  the  mountain  effect  for  January 
1946  were  computed  in  the  same  manner  as  the 
monthly  normals,  and  the  values  for  this  individual 
month  were  compared  with  normal  January.  There  is 
a  general  corresjKindence  lictween  the  magnitude  and 
tiie  distribution  of  the  mountain  effect  for  January 
1946  and  the  normal  January’.  Graphs  for  January  1946 
and  the  normal  January  are  shown  in  fig.  2.  The 
latitude  of  the  reversal  paint  and  the  latitude  of  the 
maximum  abstraction  of  momentum  from  the  atmos¬ 
phere  for  January  1946  are  displaced  about  five  degrees 
south  of  the  normal  jiositions. 
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Fig.  2.  Comparison  between  the  total  mountain  effect  for 
January  1946  and  the  normal  for  January  (ordinate  labeled  in 
units  of  lO*'  g  cm*  sec'1  per  5-degree  latitude  belt). 

One  of  the  basic  aims  of  the  research  was  to  deter¬ 
mine  the  relative  importance  of  the  mountain  effect 
in  supplying  to  or  abstracting  momentum  from  the 
atmosphere  as  compared  with  classical  surface  fric¬ 
tional  effects.  Values  of  the  surface  frictional  inter¬ 
action  for  January  1946  were  determined  by  Widger 
[5J.  The  comparative  values  of  the  mountain  effect 
and  the  frictional  interaction  are  shown  in  table  1.  It 
is  seen  that  at  almost  every  latitude  the  mountain 
effect  acts  in  the  same  direction  as  surface  friction. 
Further,  it  is  apparent  that  the  mountain  effect  is  of 
the  same  order  of  magnitude  as  the  effect  of  surface 
friction.  It  is  to  be  concluded  then  that  the  mountain 
effect  cannot  be  neglected  in  any  consideration  of  the 


Table  1.  Comparative  value*  of  mountain  effect  and  surface 
frictional  effect  totaled  for  the  month  of  January  1946 
(in  units  of  10”  g  cm*  sec'1  per  5-degree  latitude  belt). 


latitude  MnunluncRnt  Surface  trillion 


25-10  -681  -1530 

.30-35  +194  +  205 

35-40  +965  +138 

40-45  +1550  +1842 

45-50  +870  +1251 

50-55  +191  +875 

55-60  -221  +606 

60-65  -411  -188 


angular-momentum  balance  of  the  atmosphere,  since 
in  most  cases  it  is  im|x>rtafit  in  both  abstracting  and 
in  supplying  angular  momentum. 

The  major  contributions  to  the  mountain  effect 
arc  from  the  two  great  mountain  complexes  of  the 
northern  hemisphere;  the  Rockies  and  the  Asiatic 
ranges.  The  extent  to  which  the  two  major  systems 
dominate  the  total  mountain  effect  is  clearly  brought 
out  when  one  considers  the  correlation  coefficients 
between  the  sum  of  the  pressure  differences  across  the 
Rockies  and  the  Asiatic  ranges  and  the  total  pressure 
difference  summed  for  the  hemisphere.  Such  coeffi¬ 
cients  were  calculated  for  35°,  40°  and  45°N  for  the 
31  days  in  January  1946.  In  all  cases  the  correlations 
are  not  less  than  0.85.  These  correlation  coefficients 
arc  even  more  interesting  in  view  of  the  fact  that  no 
significant  correlation  was  found  between  the  pressure 
difference  across  the  Rockies  and  the  pressure  differ¬ 
ence  across  the  Asiatic  ranges  at  the  same  latitudes. 

Conclusions. — It  appears  that  the  mountain  effect 
is  a  sensible  factor  in  the  angular-momentum  exchange 
between  earth  and  atmosphere.  It  is  of  the  same  order 
of  magnitude  as  the  surface  frictional  effect. 

Mountains  normally  act  to  abstract  angular  mo¬ 
mentum  from  the  atmosphere  in  midlatitudcs  and  to 
supply  such  momentum  to  the  atmosphere  in  low 
latitudes.  In  addition,  it  appears  that  during  the 
spring  and  early  summer  the  mountains  act  to  abstract 
angular  momentum  from  the  atmosphere  even  in  low 
latitudes  with  a  maximum  total  effect  in  May  anil 
June. 

The  major  contributions  to  the  mountain  effect  are 
from  the  two  great  mountain  complexes  of  the  northern 
hemisphere,  the  Rockies  and  the  Asiatic  ranges. 
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A  mechanism  for  the  vertical  transport  of  angular 
momentum  in  the  atmosphere 

By  Robert  M.  White 

Massachusetts  Institute  of  Technology,  Cambridge  30,  Mass. 

31  May  1950 

The  angular  momentum  balance  of  the  atmosphere 
has  been  studied  notably  by  Jeffreys1  and  more  re¬ 
cently  by  several  other  writers.  Whatever  view  one 
adopts  concerning  the  nature  of  the  general  circula¬ 
tion,  it  is  probable  that  a  transfer  of  eastward  angular 
momentum  takes  place  from  low  to  middle  latitudes 
in  the  high  tropospheric  layers  of  the  atmosphere.  Thi- 
necessitates  an  upward  transport  in  low  latitudes  and 
a  downward  transport  in  middle  latitudes. 

An  eddy  mechanism  for  this  vertical  transport  has 
been  suggested  by  Starr,*  which  is  associated  with 
disturbances  of  the  size  of  cyclones  and  anticyclones 
in  middle  latitudes.  The  correlation  between  the  ver¬ 
tical  ard  zonal  components  of  the  wind  velocity  would 
have  to  be  negative  through  most  of  the  troposphere 
in  middle  latitudes,  where  a  downward  transport  of 
angular  momentum  is  required.  If  there  is  a  relation 
between  the  vertical  velocities  in  the  atmosphere  and 
the  occurrence  of  precipitation,  it  is  then  possible  that 
a  study  might  reveal  a  relation  between  the  presence 
of  precipitation  and  the  zonal  wind.  Such  a  study  was 
undertaken. 

1  H.  Jeffreys,  ‘‘On  the  dynamics  of  geos  trophic  winds,"  Quart. 
J.  R  meteor.  Soc.,  S2,  85-104,  1926. 

1 V.  P.  Starr,  “An  essay  on  the  general  circulation  of  the  earth’s 
atmosphere,"  J.  Meteor.,  5,  39-43,  1948. 


Grouping  the  wind  data  according  to  the  occurrence 
of  precipitation  or  clear  skies  as  a  measure  of  the  type 
of  vertical  velocities  at  the  time  of  observation  is 
crude.  It  is  true  that  ascending  velocities  exist  in 
regions  where  precipitation  is  occurring,  but  the  range 
of  elevation  over  which  such  vertical  velocities  are 
occurring  and  the  strength  of  such  ascending  motions 
are  extremely  variable.  In  addition,  a  region  of  clear 
skies  does  not  necessarily  imply  a  region  of  descending 
velocities.  Nevertheless,  over  a  large  sample  of  obser¬ 
vations  it  is  highly  probable  that  the  regions  of  pre¬ 
cipitation  have  substantial  ascending  velocities  through 
a  significant  portion  of  the  lower  troposphere  and  that 


ft*  l  Zanet  m  —Mary  »  j>mk. 


Fig.  1.  Mean  west-east  wind  velocity  in  m  sec-1  as  a  function 
of  height  over  regions  in  the  eastern  United  States  during  the 
period  January-April  1949.  The  mean  zonal  winds  were  computed 
from  approximately  120  rawin  soundings  in  the  case  of  precipita¬ 
tion  (solid  line)  and  300  soundings  in  the  case  of  clear  skies 
(dashed  line). 
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Table  I.  Analysis  of  winds  aloft  under  contrasting  weather  conditions.  The  zonal  component  of  the  wind  velocity  in  m  sec  !  is 
indicated  by  it.  The  values  given  by  fit  tide  fit’s  "t"  test  are  indicated  by  I,  below  which  the  significance  level  is  given.  The  numbrr  of 
cases  is  denoted  by  «. 
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<■001 


130  310 

+  11.60  +14.92 

3.46 

<.001 


111  270 

+  15,32  +18.51 

2.59 

<.010 


regions  of  clear  skies  have  vertical  velocities  which  in 
the  mean  are  different  and  probably  in  the  opposite 
direction, 

A  group  of  eight  rawin  stations  over  the  eastern 
United  States  was  selected  for  study.  These  included 
Nashville,  Tenn.,San  Antonio,  Tex.,  Little  Rock,  Ark., 
Bismarck,  N.  D.,  Caribou,  Me.,  International  Falls, 
Minn.,  Nantucket,  Mass.,  and  Rapid  City,  S.  D.  The 
zonal  component  of  the  observed  wind  as  reported 
from  all  the  rawins  during  the  period  January-April 
1949  at  0300  Z  was  computed  at  the  following  levels: 
1000,  2000,  4000,  6000  ,  8000,  10,000,  14,000,  and 
20,000  ft.  Those  observations  when  the  weather  was 
clear  (cloudiness  <  3/10)  or  precipitation  of  any  kind 
was  occurring  at  observation  time  were  selected. 


The  mean  zonal  wind  component  in  m  sec"1  for  each 
level  when  grouped  as  described  above  is  shown  in 
fig.  1.  it  is  seen  that  smaller  zonal  winds  are  associated 
with  precipitation  than  with  dear  skies,  in  the  sense 
which  might  be  expected  if  the  vertical  transport 
mechanism  suggested  by  Starr  is  operative.  The  differ¬ 
ence  between  the  mean  zonal  wind  components  in  the 
two  categories  was  tested  for  statistical  significance  by 
application  of  Student’s  “t”  test  (see  table  1.)  The 
significance  levels  obtained  suggest,  but  do  not  estab¬ 
lish,  the  existence  of  a  correlation  between  the  zonal 
and  vertical  velocity  components  associated  with 
eddies  the  size  of  cyclones,  which  is  in  the  right  sense 
to  account  for  a  downward  transport  of  angular  mo¬ 
mentum  in  middle  latitudes. 


-21- 


Reprinted  from  TdtuS  Volume  2,  Number  3 
AUGUST  1950 

SHORTER  CONTRIBUTION 


Gcostrophic  Departures  in  the  Jet  Stream 

By  VICTOR  P.  STARR,  Massachusetts  Institute  of  Technology1 

(Manuscript  received  2  April  t9jo) 


Abstract 

Thr  effect  uf  gradients  in  the  cross-current  eddy  motions  on  the  geostrophic  balance 
is  illustrated  by  means  of  an  integrated  model.  It  is  suggested  that  gradients  of  the 
Reynolds  stress  associated  with  such  eddy  motions  in  the  atmosphere  and  in  the  oceans 
may  lead  to  sensible  average  geostrophic  departures  which  appear  as  a  normal  inertial 
effect  in  eddying  currents. 


In  the  past  many  investigators  have  devoted  atten¬ 
tion  to  the  study  of  the  degree  to  which  actual 
wind  currents  may  be  measured  by  the  geostrophic 
approximation.  Some  of  these  studies  have  been 
directed  toward  an  examination  of  effects  which 
might  be  expected  on  rational  grounds,  while 
others  arc  entirely  empirical  in  nature.  In  view  of  the 
fact  that  research  workers  interested  in  the  large- 
scale  currents  in  the  atmosphere  arc  usually  forces! 
to  resort  to  wind  estimates  obtained  front  pressure 
data,  the  nature  of  the  approximations  involved  in 
this  procedure  is  of  much  practical  concern.  The 
purpose  of  this  discourse  is  to  bring  attention  to 
one  systematic  effect  which  might  be  expected  on  a 
rational  basis  in  those  regions  of  the  atmosphere 
where  the  circulations  attain  their  greatest  intensities, 
although  lesser  manifestations  of  the  same  kind 
might  be  found  to  exist  at  other  levels  in  the  at¬ 
mosphere  as  well  as  in  the  (Keans. 

The  effect  to  be  discussed  cannot  be  regarded  as 
any  new  concept  in  the  field  of  hydrodynamics, 
having  long  ago  been  recognized  in  the  treatment 
of  such  topics  as  the  turbulent  flow  of  fluids  in 
channels  (see  for  example  (Joldstein  iuj8).  How¬ 
ever,  it  appears  that  the  meteorological  applications 
of  the  concepts  involved  should  be  emphasized. 

Although  the  subject  is  not  dependent  upon  the 

'  Mu.  rewai, b  was  performed  under  contract  with 
ti  c  U  S  Air  !-or,e  Cambridge  Research  Laboratories. 


existence  of  any  particular  integrated  model  of  flow, 
we  shall  find  it  convenient  to  introduce  the  basic 
arguments  through  the  examination  of  one  such 
specific  model.  I11  terms  of  cartesian  coordinates  in 
which  .v  positive  is  taken  eastward  and  y  positive 
northward,  let  us  study  the  two-dimensional  flow 
of  a  fluid  which  satisfies  the  following  equations  of 
motion  and  continuity: 
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Here  11  is  the  eastward  and  i>  the  northward  particle 
velocity,  p  is  pressure,  t  time,  f  the  Coriolis  para¬ 
meter  and  (i  density.  We  assume  that  11  is  constant 
and  uniform  and  that 

f  tty  (a) 

where  ft  and  ft  arc  constants. 

The  three  relations  (1)  form  a  closed  system  of 
partial  differential  equations  for  the  determination 
of  the  three  dependent  variables  11,  i\  /»  in  terms  of 
the  independent  variables  .v,  y,  1.  It  has  been  shown 
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by  Nfamtan  (1946)  that  this  system  of  simultaneous 
equations  possesses  an  integral  in  which 

11  ( '  +■  I '  cos  (*y  f  f )  -  -  A I  sin  h  (.v — ft)  •  cos  I  y, 

(3) 

1*  .1  It  cos  L-  (x — ft)  -  sin  I  y,  (4) 

provided  that 

a  \  It*  1  ft  {It*  (■  /’)  (5) 

and  ( I',  .4,  k,  1. 1  are  arbitrary  constants  which  we 
take  as  being  real. 

This  (particular)  solution  is  completed  by  writing 
tli.it 


so  that  iij  is  the  nongcostrophic  part  of  1*.  Also, 
introducing  the  space  average  of  a  quantity  (  ) 

over  a  wave  length  L  in  the  eastward  direction  by 
the  relation 

n -[/,.(  )/  >.  w 

we  have  that 

ttj  —  it  —  nf.  (to) 

Either  bv  using  the  geostrophic  formula  with  (6) 
and  comparing  with  (3),  or  more  directly  by  sub¬ 
stitution  in  the  second  equation  of  (1)  from  (3) 
and  {4)  and  averaging,  we  find  that 


—  (11s-  i'-)  -  Ah  sin  It  (a — ft)  •  cos  / y 
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obtained  through  the  integration  of  the  first  two 
equations  of  (1)  with  the  aid  of  (3),  (4)  and  (5). 
Tlie  last  term  in  (r»)  is  an  arbitrary  function  of  time 
alone  and  may  ordinarily  be  taken  to  Ik-  an  appro¬ 
priate  constant  without  alii  cling  the  other  charac¬ 
teristics  of  the  solution.  In  view  of  the  form  of  the 
continuity  equation  contained  in  (1),  it  is  possible 
to  use  a  stream  lunction  y  for  the  velocity  compo¬ 
nents.  of  the  form 

V  —  I  j"  sin  jary  >  » )  *-  ,T  sin  It  (,v  —cr)  •  sin  ly. 

(7) 

It  is  apparent  that  the  motion  consists  of  a  baste 
zonal  floss  on  which  periodic  disturbances  are 
•upei  posed. 

Letting  11,.  represent  the  geostrophic  wind  toward 
the  east,  we  write  that 

"1  11  —  Hj,  {*) 


“J 


A*  It*  I 
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sin  ly  •  cos  I y. 


(*«) 


It  is  thus  sent  that  u  contains  a  systematic  nongco¬ 
strophic  component  which  varies  in  a  periodic 
fashion  with  the  independent  variable  y  alone. 

Since  i»  vanishes  for  y  -  O  ind  for  y  nil, 
it  will  tend  to  clearness  if  we  visualize  the  flow  as 
contained  in  a  channel  between  two  parallel  walls  at 
these  ordinates.  The  departure  iij  then  vanishes 
according  to  (11)  at  the  two  walls  and  also  at  the 
center,  y  nil  /.  In  the  southern  half  of  the  channel, 
between  y  O  and  y  -  -t/a  /,  uj  is  negative 
while  in  the  northern  half  it  is  positive.  On  the 
average  over  the  whole  channel  the  conditions  are 
such  that  the  flow  is  geostrophic. 

Uv  way  of  physical  explanation  of  this  phenome¬ 
non  we  might  note  that  the  minimum  value  of  the 
Reynolds  stress  -  qvv  is  found  at  y  -  rr/2  I.  This  is 
interpreted  as  a  net  transfer  of  positive  /-momen¬ 
tum  from  the  southern  half  to  the  northern  half. 
This  drain  must  be  made  good  in  the  lower  half  by 
an  excess  of  the  mean  northward  pressure  gradient 
force  over  and  above  the  requirements  needed  to 
balance  meridional  Coriolis  forces  on  the  fluid  in 
this  region.  The  reverse  process  takes  place  in  the 
upper  half. 

Viewed  some  vhat  differently  the  process  may  be 
explained  physically  by  noting  that  individual  par¬ 
ticles  enter  the  southern  half  with  negative  y- 
momentum  and  leave  with  positive  y-monicntum. 
They  must  therefore  be  accelerating  northward  on 
the  average  while  in  the  southern  half  and  south¬ 
ward  while  in  the  northern  half.  From  this  one 
may  infer  chat  iij  cannot  be  zero  everywhere, 
unless  indeed  the  motion  is  purely  zonal. 

It  is  to  be  noted  that  the  results  described  do  not 
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depend  upon  Use  profile  of  “  but  only  upon  that  of 
fw.  We  may,  for  example,  place  a  maximum  or 
»jet»  of  u  in  the  southern  half  at  y  =  n/4  /  by  taking 
an  appropriate  value  U  together  with  V  >  o  and 
proper  values  of  at,  e. 

Much  of  what  has  been  said  follows  directly  if 
we  write  the  second  equation  of  (1)  in  the  form  of  a 
continuity  equation  for  y-momentum  with  the  aid 
of  the  third  and  average  so  that 


dav  dquv 

~r  ~v~  ~r 

dt  Dx 


t>Q  VV 
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It 

3y' 


(12} 


The  results  stated  above  follow  immediately,  since 
the  first  two  terms  vanish.  Moreover  we  see  that 
similar  results  are  to  be  expected  in  any  two  dimen¬ 
sional  model  with  a  quasi-steady  regime  of  turbu¬ 
lence  or  eddy  motion.  For  all  such  cases  the  mean 
geostrophic  deviation  is  determined  by  the  cross¬ 
stream  gradient  of  the  Reynolds  stress  —  q  u  v. 

The  direct  application  of  the  model  described  to 
the  atmosphere  would  lead  to  the  presence  of  a 
westward  directed  mean  geostrophic  departure 
equatorward  from  the  latitude  at  which  qvv  is  a 
maximum  in  each  hemisphere,  and  an  eastward 
mean  departure  poleward.  However,  the  effect  is 
in  actuality  superposed  on  other  sources  of  geo¬ 
strophic  departures  such  as  the  curvature  of  the 
latitude  circles  which  produces  a  westward  depar¬ 
ture  even  in  the  case  of  purely  zonal  flow.  Another 
factor  is  that  for  the  actual  atmosphere  even  in  the 
simple  cartesian  equation  (12)  an  additional  verti¬ 
cal  term  must  be  added  so  that,  taking  z  positive 
upward  and  ur  as  the  upward  particle  velocity,  and 
neglecting  horizontal  density  variations  in  the  x- 
dircction. 


QUd 


I  /Jqvv  e/QVU>\ 

f  \  dy  dz  )' 


(13) 


The  latitude  at  which  ovv  reaches  a  maximum 
is  probably  displaced  farther  poleward  in  each  he¬ 
misphere  as  compared  with  the  latitude  at  which  u 
readies  its  maximum,  although  observational  stu¬ 
dies  should  be  made  concerning  this  point.  Further¬ 
more,  there  is  no  reason  to  suppose  that  this  quan¬ 
tity  tends  to  zero  as  the  pole  is  approached.  For 
purposes  of  orientation  let  it  be  supposed  that  vv 
increases  by  10*  cm*/sec*  for  an  increase  of  2  000 
km  in  y.  Neglecting  horizontal  density  variations, 
the  first  member  on  the  right  hand  side  of  (13) 
then  gives  a  contribution  of —  6.7  meters  per  se¬ 
cond  to  uj,  if  /  —  0.75  x  xo-4  {corresponding  to 
about  30°  N  latitude).  This  may  give  some  notion 
of  correct  orders  of  magnitude  in  the  vicinity  of 
the  jet  stream.  At  lower  levels  the  contribution 
may  be  one  fifth  or  one  tenth  as  large. 

In  an  interesting  paper  published  recendy,  Loewe 
and  Radok  (1930)  have  presented  a  meridional  cross 
section  of  the  atmosphere  in  the  southern  hemisphere 
through  the  jet  stream.  These  writers  make  a  com¬ 
parison  of  geostrophic  versus  actual  wind  measure¬ 
ments  in  the  jet.  The  actual  winds  show  velocities 
much  lower  than  those  computed  from  the  iso- 
baric  contours.  Although  many  questions  might 
arise  concerning  the  representativeness  of  the  data, 
it  may  also  be  that  a  part  of  the  discrepancy  is  due 
to  the  manifestation  of  the  phenomenon  here 
described.  It  is  to  be  noted  that  local  climatolog¬ 
ical  time  averages  such  as  those  used  by  Loewe 
and  Radok  would  tend  to  approximate  space 
averages  except  for  the  possible  presence  of  stand¬ 
ing  semipermanent  disturbances. 

Finally  it  should  be  mentioned  that  the  considera¬ 
tions  used  here  may  be  of  some  consequence  in  the 
charting  of  mean  ocean  currents  by  means  of  dy¬ 
namic  velocity  computations,  in  those  cases  where 
there  exists  a  gradient  in  the  cross-current  eddy 
motion.  This  may,  for  example,  be  significant  in 
the  case  of  such  currents  as  the  Gulf  Stream. 


It  is  difficult  to  estimate  the  effect  of  this  vertical 
term,  although  if  (13)  be  integrated  also  with 
respect  to  height  through  the  whole  atmosphere, 
the  total  contribution  of  this  added  term  must  re¬ 
sult  from  the  presence  of  a  net  meridional  surface 
stress  at  a  given  latitude.  There  is  not  much  a  priori 
reason  to  expect  that  such  net  meridional  surface 
stresses  around  latitude  circles  are  of  importance. 
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A  note  on  the  eddy  transport  of  angular  momentum 

By  VICTOR  P.  STARR 
Massachusetts  Institute  cf  Technology* 

(Communicated  by  P.  A.  Sheppard  ;  Manuscript  received  8  August  1950) 


Summary 

A  pilot  study  of  the  horizontal  eddy  transport  of  angular  momentum  in  the  meridional  direction, 
based  on  radio  wind  observations  over  the  North  American  sector  of  the  northern  hemisphere,  is 
presented.  The  results  are  in  harmony  with  general  frictional  requirements  except  that  the  transports 
are  rather  large.  The  desirability  of  much  more  extensive  compilations  of  data  concerning  the 
subject  is  indicated. 


1. 

The  problem  posed  by  the  angular  momentum  balance -of  the  earth-atmosphere 
system  is  probably  one  of  the  most  fundamental  considerations  in  meteorological 
science.  In  view  of  the  fact  that  within  the  last  few  decades  an  extensive  body 
of  proper  observational  data  has  been  accumulated,  it  is  becoming  possible  to  do 
more  than  merely  speculate  abstractly  in  this  regard.  As  a  result  a  number  of 
papers,  both  observational  and  theoretical,  have  appeared  relating  to  this  matter. 
A  selection  of  these  is  contained  in  the  annotated  list  of  references  at  the  end  of 
this  note,  although  many  others  should  be  included  in  a  more  complete  bibliography. 

The  particular  question  to  which  much  attention  is  directed  currently  relates 
to  the  manner  in  which  the  necessary  meridional  transfer  of  angular  momentum 
takes  place  within  the  atmosphere.  Is  this  flow  accomplished  primarily  through 
the  agency  of  the  so-called  mean  meridional  circulations,  or  primarily  through 
horizontal  exchange  processes  ?  The  nature  of  our  approach  to  the  subject  of  the 
general  circulation  depends  largely  upon  the  answer  to  this  question. 

In  order  to  seek  enlightenment,  recourse  must  be  made  to  data.  One  may 
try  to  measure  either  one  or  the  other  of  the  two  processes  mentioned.  The  writer 
and  his  colleagues  working  with  the  general  circulation  project  at  the  Massachusetts 
Institute  of  Technology  have  been  engaged  in  studies  which  aim  at  measuring  the 
eddy  processes.  Thus  Widger  (1949)  made  a  hemispheric  analysis  of  winds 
computed  from  isobaric  maps  for  the  month  of  January  1946  and  obtained  sub¬ 
stantial  indications  of  the  importance  of  the  eddy  processes  in  the  lower  and  middle 
troposphere. 

Owing  to  the  fact  that  isobaric  maps  for  relatively  high  levels  in  the  atmosphere 
are  of  uncertain  reliability  and  are  still  difficult  to  construct,  it  is  a  tempting  matter 
to  utilize  direct  radio  wind  measurements  for  the  purpose  at  hand.  However, 
since  such  wind  data  are  not  available  on  a  hemispheric  basis,  great  care  must  be 
exercised  in  treating  limited  amounts  of  observational  material  in  order  to  obtain 
meaningful  results.  Specifically  it  is  essential  to  sample  a  significant  and  repre¬ 
sentative  sector  of  longitude.  Also,  it  is  necessary  to  use  averages  over  appreciable 
intervals  of  time  to  improve  reliability,  because  of  the  effects  of  missing  reports 

*  Thi»  reerarch  vu  performed  under  contract  with  the  Cambridge  Reecuch  Liberator**,  U  S.  Air  Force. 
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and  other  factors  such  as  the  higher  noise  level  in  actual  wind  data.  The  last  item 
has  been  discussed  by  Charney  (1047).  Selectivity  in  favour  of  light  winds  is 
doubtless  also  a  factor,  especially  in  the  higher  reaches  of  the  soundings.  Finally, 
unlike  wind  data  secured  from  isobaric  maps,  the  radio  winds  are  available  only 
at  stations  arranged  in  an  irregular  array  over  the  weather  map,  so  that  some  appro¬ 
priate  scheme  must  be  devised  to  approximate  the  momentum  transports  across 
individual  latitude  circles. 


2. 

It  is  by  no  means  altogether  clear  how  the  needed  calculations  should  be 
conducted  to  best  advantage.  For  this  reason  the  writer  desires  to  enlist  the  advice 
of  the  readers  of  this  Journal .*  For  purposes  of  orientation  an  admittedly  rough 
and  restricted  pilot  study  is  presented  below  to  serve  as  a  basis  for  discussion. 
It  is  probable  that  a  more  comprehensive  project  will  be  undertaken  at  a  later  date 
when  the  best  mode  of  procedure  is  apparent. 

A  beginning  in  the  proper  direction  has  been  made  in  an  interesting  paper 
by  Priestley  (1949),  although  it  appears  that  a  more  elaborate  plan  is  required. 
His  method  consists  of  first  computing  the  time-average  value  of  the  product  of 
the  eastward  and  northward  wind  components,  uv;  for  each  individual  station  at 
each  selected  pressure  level.  From  each  of  these  quantities  the  contribution  due 
to  the  net  meridional  transport  of  air  at  the  station  and  level,  namely  5  li,  is  sub¬ 
tracted,  the  bars  again  denoting  time  averages.  The  difference  uv  —  u  €  is  thus 
related  to  the  temporal  fluctuations  of  the  wind  and  would  be  zero  under  steady 
wind  conditions.  Since  standing  eddies,  i.e.  semi-permanent  or  average  features  of 
the  general  circulation,  contribute  to  the  meridional  eddy  flux  of  physical  properties, 
it  is- necessary  to  include  their  effects  also  by  some  modification  of  the  scheme. 

We  may,  on  the  other  hand,  use  averages  both  over  time  and  over  a  suitable 
segment  of  a  latitude  circle  at  a  given  pressure  level,  and  use  the  bar  to  denote 
such  a  space-time  average.  Thus  uv  now  gives  us  a  measure  of  the  total  momentum 
transfer  across  the  segment.  A  portion  of  this  total  may  be  due  to  \  net  flow  of 
air  across  the  segment,  v.  If  an  entire  closed  latitude  circle  were  considered,  v 
would  for  practical  purposes  represent  a  meridional  circulation  the  effects  of  which 
it  is  desired  to  exclude,  and  therefore  uv  —  uv  would  be  the  needed  quantity.  For  a 
large  but  limited  segment  v  may  also  include  the  effects  of  standing  eddies  of  larger 
dimensions  than  the  segment  chosen.  Under  these  circumstances  the  subtraction 
of  u  v  from  uv  may  still  eliminate  effects  of  very  large  standing  eddies,  but  the 
process  does  at  ieast  take  partial  account  of  the  average  features.  A  more  detailed 
examination  of  this  use  of  space-time  averages  has  been  given  by  White  (1950). 

3. 

In  the  pilot  study  all  the  soundings  for  the  hours  0300Z  and  1500Z  reported 
in  the  Daily  Upper  Air  Bulletin,  U.S.  Weather  Bureau  (1949)  at  52  stations  during 
February  1949  were  used.  As  indicated  by  Roman  numerals  on  the  map  in  Fig.  1, 
the  stations  were  separated  into  six  groups  according  to  approximate  10’  latitude 

*  The  pagn  of  the  Journal  are  always  open  for  correspondence  on  thia  topic. — Eorro*. 
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Figure  1.  Map  showing  stations  used  in  study.  Raman  numerals  indicate  classification  according 
to  approximate  latitude  belts.  International  station  numbers  entered  to  right  of  each  station. 


belts.  The  space-time  average  lor  a  given  latitude  belt  and  given  level  was  taken 
as  the  sum  of  all  the  observed  values  of  a  quantity  at  the  several  stations  in  the 
belt  divided  by  the  number  11  of  such  observations.  This  is  rather  crude:  since 
the  available  observations  are  not  uniformly  distributed  in  space  or  in  time. 

The  results  are  contained  in  Table  I  and  Fig.  2,  which  are  almost  self-explana¬ 
tory.  The  transports  obtained  may  be  looked  upon  as  being  given  per  unit  mass 
in  the  vertical  and  per  unit  distance  zonally,  and  hence  may  be  integrated  vertically 
with  respect  to  pressure.  These  integrals  were  evaluated  from  graphs  by  means 
of  a  planimeter,  the  limits  being  from  100  to  1,000  mb.  Furthermore,  the  total 
transports  of  linear  momentum  so  obtained  were  converted  into  transports  of 
angular  momentum  for  a  complete  latitude  circle  in  each  case  through  the  intro¬ 
duction  of  proper  factors  involving  the  earth’s  radius  and  the  average  latitude  <£. 
Such  integrated  transports  are  given  in  cgs  units  in  the  last  column  of  the  table. 
The  diagram  in  Fig.  2  gives  the  corresponding  profiles  showing  the  vertical  dis¬ 
tribution  of  these  same  transports  of  angular  momentum.  In  effect  the  values  in 
the  last  column  of  the  table  are  proportional  to  the  integrated  areas  of  these  profiles 
in  the  figure. 

The  writer’s  colleague  Dr.  W.  K.  Widger  has  made  an  estimate  of  the  normal 
rate  at  which  angular  momentum  is  removed  from  the  atmosphere  through  surface 
effects  during  February.  For  the  entire  polar  cap  north  of  35°  this  rate  appears 
to  be  about  10  x  Id23  cgs  units  of  angular  momentum/sec.  Upon  comparison 
of  this  figure  with  the  integrated  transport  for  Group  II,  it  is  seen  that  the  latter 
is  about  four  times  larger  than  the  former.  Various  reasons  may  be  present  to 
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TABLE  I.  Ahm,¥&»  or  radio  wind  stwuiwa  ro*  Fbkuahy  l'M9 


Press 

u 

V 

U  V 

UP 

«v~uv 

Integral 

mb 

n 

m  sec"1 

m  sec*" 

m1  sec** 

m*  acc* 

m*  me* 

gm  an*  sec"’ 

GROUP 

!  if  ** 

25°N. 

ioo 

30 

+  4*57 

-  2*93 
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+  15*59 

iw 
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4  0-90 
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553 
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17 

+  16*94 

+  0+8 

+  14-92 

+  11  29 

-  3-62 
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— 10-86 

-13*74 

-2-0  x  10" 

700 

228 
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91 
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3 
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89 
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+  0-38 

-  2+6 

-  i-84 
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Figure  2.  Profiles  of  angular  momentum  transport  vectors  for  complete  latitude  circles.  T ransports 
are  for  layers  of  unit  mass  in  the  vertical.  It  should  be  noted  that  the  profiles  would  be  much  altered 
if  elevation  were  used  as  the  vertical  coordinate  and  the  transports  given  for  layers  of  unit  geometrical 

thickness. 


explain  so  large  a  discrepancy,  if  one  were  to  assume  that  the  computations  presented 
here  are  correct. 

(1)  The  North  American  sector  of  the  northern  hemisphere  is  characterized 
by  better  developed  eddies  than,  let  us  say,  the  Eurasian  sector  and  hence 
the  values  obtained  are  not  representative  of  the  hemisphere, 

(2)  The  month  of  February  1949  is  an  abnormal  February.  That  departures 
from  normal  as  large  as  this  <  •  •  'd  exist  is  easily  possible. 

(3)  The  estimates  of  normal  surface  torques  used  is  too  small. 

(4)  Angular  momentum  is  transferred  also  by  meridional  cells.  A  direct  cell 
in  the  troposphere  would  however,  add  to  to  the  transport  and  make 
matters  worse. 

Of  these  four  possibilities  (i)  and  (3)  might  be  the  most  plausible,  since 
examination  of  hemispheric  conditions  during  February  1949  does  not  show  too 
striking  abnormalities,  and  no  good  reason  suggests  itself  for  recourse  to  (4). 

The  table  and  diagram  suggest  the  presence  of  very  strong  eddy  transports 
at  the  jet-stream  level  as  might  perhaps  be  expected. on  general  grounds  from  the 
violence  of  the  winds  in  this  region*.  If  any  reliance  can  be  placed  upon  the  results 
at  the  100  mb  level,  the  sharp  drop  in  the  transports  (except  for  Group  V)  shown 
here  is  most  remarkable.  It  should  be  remembered  that  the  effects  of  selectivity 
at  this  level  are  most  severe,  however.  Generally  speaking  the  meridional  gradients 
of  the  transports  are  what  should  be  expected  from  friction  and  other  surface  effects, 
except  for  the  decrease  from  25°N.  to  35°N. 

The  most  that  can  be  said  for  the  results  is  that  they  suggest  the  presence  of 
strong  eddy  transfers  of  momentum,  as  proposed  by  the  writer  elsewhere  (Starr 
1948).  The  need  for  comprehensive  treatment  of  the  subject  is  apparent. 

•  NOTE  ADDED  IN  PROOF — -The  writer's  coiictgue,  Dr.  H.  L.  Kuo,  has  pointed  out  that  on  hydrodynamics! 
gsounds  the  mexidonaj  profile  of  angular  momentum  flow  obtained  for  these  higher  level*,  when  considered  in  relation 
vo  the  mean  zonal  wind  profiles,  suggest  the  presence  of  a  transfer  of  existing  kinetic  energy  from  the  large-scale  perturbations 
to  the  mean  zonal  motion. 
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AND  THE  POLEWARD  TRANSPORT  OF  HEAT 
by  Edward  N.  Lorenz 

ABSTRACT 

The  geostrophic  transports  of  angular  momentum 
and  sensible  heat  are  investigated  theoretically.  At  a 
given  latitude  and  a  given  pressure  level,  the  poleward 
geostrophic  transport  of  angular  momentum  is  found  to  be 
proportional  to  the  ?q»are  of  the  horizontal  mass  exchange 
across  the  given  latitude,  and  a  suitably  defined  average 
departure  of  the  troughs  and  ridges  at  the  given  pressure 
level  from  a  north-south  orientation.  The  poleward 
geostrophic  trnnsport  of  heat  is  found  to  be  proportional 
to  the  square  of  the  horizontal  mass  exchange,  and  a  suit¬ 
ably  defined  average  departure  of  the  troughs  and  ridges 
at  the  given  latitude  from  a  vertical  orientation.  The 
analytic  expressions  for  the  geostrcphic  transports  of 
angular  momentum  and  heat  suggest  an  ideal  procedure  for 
computing  the  transports  from  observational  data. 

The  various  terms  in  the  equation  expressing  the 
balance  of  angular  momentum  are  computed  from  observational 
data,  for  the  period  1  November  1945  through  28  February 
1946,  for  various  regions  within  the  northern  hemisphere. 
From  these  computations  a  diagram  depicting  the  angular 
momentum  balance  in  the  northern  hemisphere  during  this 
period  is  constructed.  The  computed  northward  transport  of 
angular  momentum  is  found  to  be  consistent  with  the  com¬ 
puted  torque  exerted  on  the  atmosphere  by  the  earth's 
surface,  at  most  latitudes.  A  few  modifications  of  the 
computed  surface  torque  are  suggested. 

Computed  values  of  the  northward  transport  of 
sensihle  heat  are  presented,  for  the  period  1  November  1945 
through  28  February  1946,  across  various  latitudes  in  the 
northern  hemisphere. 


PART  I.  GEOSTROPHIC  TRANSPORT  OF  ANGULAR  MOMENTUM  AND  HEAT 

I.  Introduction 

Considerable  attention  is  currently  being  given  to  the  balance  of 
absolute  angular  momentum  about  the  earth’s  axis,  and  to  the  balance  of  total 
energy.  Because  eastward  angular  momentum  is  usually  removed  from  the  atmosphere 
by  friction  in  middle  latitudes,  where  the  surface  winds  tend  to  be  westerly,  and 
is  added  to  the  atmosphere  in  low  latitudes,  where  the  surface  winds  are  easterly, 
there  must  exist  in  the  mean  a  flow  of  angular  momentum  in  the  atirn,  ,phere  from 
low  to  middle  latitudes.  The  importance  of  this  flow  of  angular  momentum  was 
noted  by  Jeffreys  (1926).  In  a  somewhat  analogous  way,  a  flow  of  some  form  of 
energy  from  low  to  high  latitudes  in  the  atmosphere  is  necessary,  because  of  the 
net.  heating  by  radiation  in  low  latitudes  and  cooling  by  radiation  in  high  lati¬ 
tudes.  Various  estimates  of  the  incoming  and  outgoing  radiation  have  been 
summarized  by  Haurwitz  (1941). 
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Since  there  are  no  pronounced  net  long-period  changes  in  the  distri¬ 
bution  of  the  mass  of  the  atmosphere,  any  instantaneous  local  poleward  flow  of 
mass  across  a  given  latitude  must  be  counterbalanced  by  an  equal  equatorward 
flow  across  this  latitude.  Since  this  compensating  flow  occurs  at  some  other 
longitude,  some  other  elevation,  or  3ome  other  time,  there  are  several  methods 
for  resolving  any  mass  flow  into  several  terms.  Che  method  consists  of  re¬ 
solving  the  instantaneous  local  mass  flow  into  two  types  of  flow  —  the  longi¬ 
tudinal  average  flow  at  the  particular  elevation  and  time,  and  the  instantaneous 
local  departure  from  this  average.  Flow  of  the  former  type  may  be  said  to  form 
meridional  cells,  whiie  flow  of  the  iatter  type  may  be  said  to  form  horizontal 
eddies. 

A  transport  of  any  quantity,  such  as  angular  momentum  or  energy,  may 
theoretically  be  accomplished  by  either  meridional  cells  or  horizontal  eddies. 

The  relative  importance  of  these  types  of  flow  in  accomplishing  the  transport 
of  angular  momentum  and  energy  has  recently  been  given  considerable  attention. 

If  sufficiently  accurate,  representative,  and  conplete  data  were 
available,  the  total  transport  of  any  quantity  could  be  conputed.  In  the  ab¬ 
sence  of  complete  upper  wind  observations,  use  of  the  geostrophic  wind 
approximation  naturally  suggests  itself.  Hie  geostrophic  wind  possesses  the 
property  that  any  instantaneous  local  mass  flow  accomplished  by  it  must  be 
counterbalanced  by  a  mass  flow  at  some  other  longitude,  at  the  same  elevation 
and  the  same  time.  Thus  it  is  impossible  to  determine  the  presence  of 
meridional  cells  from  geostrophic  wind  observations.  It  is  possible,  however, 
that  the  geostrophic  wind  is  an  acceptable  approximation  to  the  actual  wind, 
for  the  purpose  of  computing  the  horizontal  eddy  transport  of  certain  quanti¬ 
ties.  Computations  of  the  angular  momentum  transport,  based  upon  geostrophic 
winds,  have  been  made  by  Widger  (1949),  while  White  (1950)  has  presented 
computations  of  the  geostrophic  transport  of  sensible  heat,  the  latter  being 
one  form  in  which  energy  may  be  transported. 

It  was  proposed  by  Starr  (1948)  that  the  positive  correlation  be¬ 
tween  poleward  mass  flow  and  eastward  velocity  in  middle  latitudes  necessary 
to  yield  a  poleward  transport  of  eastward  angular  momentum  might  be  associated 
with  horizontal  streamline  patterns  in  which  the  trough  and  ridge  lines  have  a 
northeast-southwest  rather  than  a  north-south  orientation.  Exploiting  this 
idea,  Machta  (1949)  obtained  solutions  of  the  vorticity  equation  for  plane 
nondivergent  motion,  in  which  the  trough  and  ridge  lines  were  not  necessarily 
oriented  north-south,  and  found  a  northward  transport  of  linear  momentum  in 
those  solutions  where  the  orientation  was  northeast-southwest,  lor  the 
spherical  earth,  Mintz  (1949)  found  that  under  certain  not  unreasonable  assump¬ 
tions  the  transport  of  angular  momentum  must  he  northward  when  the  troughs  and 
ridges  are  oriented  northeast-southwest.  It  is  likely  that  the  troughs  and 
ridges  in  the  pressure  patterns  have  orientations  resembling  those  in  the 
streamline  patterns,  even  when  at  individual  points  the  wind  deviates  considerably 
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from  the  geostrophic  wind.  In  a  somewhat  analogous  way.  the  positive  correla¬ 
tion  between  poleward  mass  flow  and  temperature  necessary  to  yield  a  poleward 
flow  of  sensible  heat  may  be  associated  with  pressure  patterns  on  a  vertical 
surface  at  one  latitude  in  which  the  troughs  and  ridges  are  displaced  westward 
with  elevation  instead  of  being  vertical*  for  such  patterns  occur  when  the 
warmer  air  lies  east  of  the  troughs  and  west  of  the  ridges,  and  hence  in  the 
region  of  poleward  flow. 

2.  Foraulae  for  geosiropbic  transport 

Aitliough  it  is  customary  to  speak  of  the  poleward  transport  of  a 
quantity  at  u  given  level,  the  transport  occurring  at  exactly  one  level  must 
be  zero.  To  obtain  a  nonvahishing  quantity,  one  must  deal  with  the  transport 
occurring  within  a  layer.  Among  the  layers  which  may  be  chosen  for  study  are 
layers  bounded  by  two  horizontal  surfaces  and  layers  bounded  by  two  surfaces 
of  constant  pressure.  Che  may  thus  consider  the  transport  per  unit  of  eleva¬ 
tion  at  a  given  elevation,  or  the  transport  per  unit  of  pressure  at  a  given 
pressure.  Such  quantities  as  the  transport  per  unit  of  elevation  at  a  given 
pressure  are  of  questionable  significance,  however;  there  is  no  way  in  which 
the  atmosphere  may  b«  broken  up  into  a  set  of  layers  of  >mifonn  thickness 
centered  at  constant  pressure  surfaces. 

In  studying  the  geostrophic  transports  of  angular  momentum  and 
sensible  heat  (the  latter  transport  will  be  called  simply  the  transport  of 
heat),  it  is  convenient  to  choose  for  independent  variables  the  time  t  , 
longitude  A  ,  latitude  <f>  ,  and  pressure  .  The  following  dependent 

variables  and  constants  then  appear: 

t-  -  elevation,  -  density,  T  »  temperature,  -  eastward  velocity, 

A/~  »  northward  velocity,  <K.  »  earth’s  radius,  itJ  *  angular  velocity  oi 

earth's  rotation,  -  acceleration  of  gravity,  R  «  gas  constant  for  air, 

and  Cg  «  specific  heat  of  air  a1,  constant  pressure. 

Expressions  will  now  be  developed  for  the  geostrophic  transports  of 
absolute  angular  momentum  and  heat.  Expressions  for  the  absolute  angular 
momentum  per  unit  mass  and  the  sensible  heat  per  unit  mass  appear  in  table  1 
(on  page  6}.  Since  the:  flow  of  mass  per  unit  time  across  a  unit  area  of  a 
constant  latitude  surface  is  pw,  and  since  the  area  of  a  section  of  this 
surface  whose  horizontal  extent  is  one  unit  of  length  and  whose  vertical 
extent  is  one  unit  of  pressure  is  ,  the  total  transports  of  angular 

momentum  and  heat  across  a  latitude  per  unit  time  within  a  layer  one  pressure- 
unit  deep  are  as  given  in  table  1.  In  these  expressions  a  bar  over  a  quantity 
denotes  the  value  of  the  quantity  averaged  over  longitude. 

Under  the  assumptions  of  geostrophic  and  hydros*. otic  equilibrium, 

\T  -  i  siv.  (*x.c*s^)  ;)Z/j  ^  ^  m  -  -  £  (iu>  <*«- 
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Table  1.  Expressions  associated  with  the  geostrophic  transports  of  angular 
momentum  and  heat. 


Quantity 

Absolute  Angular 
Mowed  turn 

Sensible  Heat 

Quantity  per  unit  mass, 
at  latitude  ^ 

1 

Cp  T 

Transport  of  quantity 
across  latitude  <f}  at 
pressure  f  ,  per  unit 
o£  pressure  and  per 
unit  of  time 

2  Tf  1 

^  Tl  A  £  Cp 

X  ^A.ui  c»s  ^  +  ex') 

x  Ter 

Geostrophic  transport 
of  quantity  across  lati¬ 
tude  at  pressure  p  , 

per  unit  of  pressure  and 
per  unit  of  time 

-3j  TT  U>  \oS  5 

-TT  R  (sm^j  p 

x 

«  Zp 

and  T  ~  ft  P  °>?/  **  P  .  Thus  the  three  partial  deriva¬ 

tives  of  2  are  measures  of  northward  velocity,  eastward  velocity,  and  tem¬ 
perature.  It  will  be  convenient  to  use  the  symbols  2  ^  ,  "2^  ,  and  Zp  in 
place  of  ;  3Z/3^  ,  and  since  these  derivatives  appear  frequently. 

It  follows  that  across  a  given  latitude  at  a  given  pressure,  per  unit 
of  pressure  and  per  unit  of  time,  the  geostrophic  transports  of  angular  momentum 
and  heat  are  as  given  in  the  final  row  of  table  1,  The  expression  for  the 
angular  momentum  transport  contains  the  latitude  explicitly,  while  the  expression 
for  the  heat  transport  contains  both  latitude  and  pressure  explicitly.  However, 
across  one  latitude  at  one  pressure,  both  geostrophic  transports  are  completely 
determined  by  longitudinal  averages  of  products  of  partial  derivatives  of  2  , 
i.e.,  by  -2^2^  and  -^2p  ,  Che  consequence  of  this  result  is  that  the 
time  variations  of  the  transports  are  determined  by  the  time  variations  of 
-2^  2d  and  -  .  In  the  next  two  sections  the  quantities  -2^?^  and 

—  ’2.^'2p  will  be  investigated  in  detail. 

3.  \  staple  model 

It  is  convenient  to  consider  a  simple  model  first.  In  this  model  the 
height  profile  along  each  "circle"  of  constant  latitude  and  pressure  is  a  simple 
sine  curve  containing  y\  waves.  The  amplitude  and  phase  angle  of  these  waves 
may  vary  with  latitude  and  pressure.  The  instantaneous  field  of  elevation  is 
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then  described  by  the  expression 


zC'bAjf)  *  2o(^p)  +  M>?)  <*s  >v[x-e(^p)]  (i) 

For  a  given  <f>  and  p  ,  minimum  and  maximum  values  of  2  occur  when 

X  -  £  (£,?)  +  k  fr/v\  #  (2) 

where  k  is  any  integer.  If  troughs  and  ridges  are  defined  as  curves  composed 
of  these  minimum  said  maximum  points,  the  equation  for  a  trough  or  ridge  on  a 
constant  pressure  surface  is  given  by  (2),  with  <$>  variable  and  p  constant, 
while  the  equation  for  a  trough  or  ridge  on  a  vertical  surface  at  constant 
latitude  is  given  by  (2),  with  p  variable  and  constant.  The  deviation  of 
the  troughs  and  ridges  from  a  north-south  orientation,  expressed  in  units  of 
longitude  per  unit  of  latitude,  is  therefore  .  A  positive  value  of 

b'tj’bji  indicates  a  northeast-southwest  orientation.  The  deviation  of  the 
troughs  and  ridges  from  a  vertical  orientation  on  a  surface  of  constant  lati¬ 
tude,  expressed  in  units  of  longitude  per  unit  of  pressure,  is  9£/S>p  .  A 
positive  value  of  3  8  /  3  p  indicates  a  westward  displacement  upward.  It  is 
convenient  to  use  the  symbols  and  £p  in  place  of  and  3fc/3p  .  Hie 

quantities  and  £p  will  be  called  the  horizontal  tilt  and  the  vertical  tilt 
of  the  troughs  and  ridges. 

Differentiation  of  (1)  with  respect  to  the  coordinates,  and  integra¬ 
tion  over  longitude,  shows  that 

-  2*  -  '/a  vsx  A  £  f  }  (3) 

-  Z^2~r  ~~  V*  ^  *  tp  <*> 

These  results  follow  from  the  easily  established  relations 
Si**  ^  **/3-  ,  Si"  >  css  v\^  =  O  .  Thus  across  one 

latitude  at  one  pressure,  in  this  simple  model,  the  geostrophic  transports  of 
angular  momentum  and  heat  each  depend  upon  the  trough  and  ridge  orientation 
and  one  other  factor,  namely  '/^  nv  .  Since  this  factor  is  always 

positive,  the  signs  of  the  transports  are  completely  determined  by  the  orien¬ 
tation  of  the  troughs  and  ridges. 

The  meaning  of  the  other  factor  is  evident  from  the  relation 

z7  =  ‘A  (5) 

Thus  at  one  latitude  and  one  elevation,  the  factor  '/a  A  is  proportional 
to  the  geostrophic  value  of  /f1  ,  which  is  the  variance  of  at  over  longitude, 
and  is  a  measure  of  the  square  of  the  horizontal  exchange  of  mass  across  the 


latitude.  It  closely  resembles  the  square  of  the  meridional  index,  which  has 
been  used  (see  Willett  1948)  as  a  measure  of  the  mass  exchange.  In  addition, 
a r*  is  proportional  to  the  kinetic  energy  contained  in  the  north-south 
motions,  which  may  be  called  simply  the  north-south  kinetic  energy. 

Combination  of  (3)  and  (4)  with  (5)  shows  that 


'2>Zf  -  ~2*  Zj, 

-  2.  ^  "2  p  -  €  f 


(6) 

(7) 


That  is,  across  one  latitude  at  one  pressure,  in  this  simple  model,  the  geostro- 
phic  transport  of  angular  momentum  is  proportional  to  the  horizontal  tilt  of  the 
troughs  and  ridges,  and  the  square  of  the  mass  exchange,  while  the  geostrophic 
transport  of  heat  is  proportional  to  the  vertical  tilt  of  the  troughs  and  ridges, 
and  the  square  of  the  mass  exchange. 


4.  The  general  case 

In  general  the  height  profile  along  a  given  "circle"  is  not  a  simple 
sine  curve.  It  may,  however,  be  expressed  as  a  convergent  Fourier  series  in 
A  if  it  is  reasonably  smooth.  The  instantaneous  field  of  elevation  may  then 
be  described  by  the  expression 


2(Ktjf)  *  Z»(^P)  +  £  toS  >'[X“  £k(*'p)]  ■  (8) 

For  a  particular  Y\  ,  the  function  An  c,s  will  be 

called  the  »*h  component  field  of  elevation.  In  contrast,  the  field  of  eleva¬ 
tion  described  by  (8)  will  be  called  the  complete  field  of  elevation.  Equation 
(8)  expresses  the  complete  fieid  as  infinite  sum  of  component  fields,  Except 
for  the  term  ~Z0  ,  each  component  field  resembles  the  field  of  elevation  de¬ 
scribed  by  (1). 

The  troughs  and  ridges  of  the  different  component  fields  may  have 
different  orientations.  For  the  ft*11  component  field,  the  horizontal  tilt  is 
5  £  K  /  ^  t  and  the  vertical  tilt  is  3  .  No  such  simple  express¬ 

ions  exist  for  the  tilts  of  the  troughs  and  ridges  in  the  complete  field.  The 
equation  for  the  troughs  and  ridges  is 


f_  s v\[>  -  £K(^,p)]  -  °  i 


(9) 


which  has  no  simple  solution  analogous  to  (2)  for  A  in  terms  of  ^  and  , 
Differentiation  of  (8)  with  respect  to  the  coordinates,  and  integra¬ 
tion  over  longitude,  shows  that 


-  z  i.  r  £  y*  , 

r  T  M  *  i 


(10) 
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(11) 


'  2>2f 


-  X 


7* 


A  * 


'/3¥ 


Z*  *  f 

>  m*i 

These  results  follow  from  the  relations 


(12) 


3tK 


V. 


Sr*  >vX  s  ’*1*  >v'  > 


if  >v\  yt 


St* 


W  X  C«  s  wr  A  *  O 


Thus  across  one  latitude  at  one  pressure,  the  geos trophic  transports  of  angular 
momentum  and  heat  depend  upon  the  orientation  of  the  troughs  and  ridges  of  each 
component  field,  and  the  north-south  kinetic  energy  of  each  component  field. 
Equation  (12)  shows  that  the  north-south  kinetic  energy  of  the  complete  field  is 
the  sum  of  the  north-south  kinetic  energies  of  the  component  fields. 

The  concept  of  average  horizontal  and  vertical  tilts  of  the  troughs 
and  ridges  may  now  be  introduced.  The  average  horizontal  tilt  will  be  defined 
as  the  average  over  all  values  of  ¥\  of  the  value  of  weighted  accord¬ 

ing  to  the  value  of  */>  ^Ak  »  i*e«»  the  average  over  all  component  fields  of 
the  horizontal  tilt  of  the  troughs  and  ridges  of  a  component  field,  weighted 
according  to  the  north-south  kinetic  energy  of  the  component  field.  The  average 
vertical  tilt  will  be  defined  analogously.  The  symbols  (£)^  and  (£)p  will  denote 
the  average  horizontal  and  vertical  tilts  so  defined;  thus 


(0*  --  ( x.  y»»lA i)"t  Vi-1  A. 

<#),  *  (  I  7»  ^  A.T  £  '4""  Ax'  . 


(13) 


(14) 


Unlike  the  symbols  6^  and  used  in  studying  the  simple  model,  (,&}f  and 
cannot  be  regarded  as  partial  derivatives  of  a  quantity  (fj)  ;  there  is  no  reason 
why  and  should  be  equal. 

From  (10),  (11),  (12),  (13).  and  (14),  it  follows  that 


-  2>Za  *  («)*  ,  (15) 

-  ?75r  *  5?  u)P  lI6> 

These  equations  are  a  generalization  of  (6)  azsd  (7).  They  show  that,  across  one 
latitude  at  one  pressure,  the  gecsstrophic  transport  of  angular  momentum  is  pro¬ 
portional  to  the  average  horizontal  tilt  of  the  troughs  and  ridges,  and  the  square 
of  the  mass  exchange,  while  Lhe  geostrophic  transport  oi  heat  is  proportional  to 
t&e  average  vertical  tilt  of  the  troughs  and  ridges,  and  tliie  square  of  the  mass 
exchange. 

The  preceding  conclusions  of  course  depend  upon  the  particular  method  of 
defining  the  average  tilts,  fk se  may  legitimately  question  how  close! v  (£.Nj ^  , 
the  average  horizontal  tilt  defined  by  (13j,  resembles  the  horizontal  tilts  of  the 


-38- 


troughs  and  ridges  which  satisfy  (9)  i.e.,  the  troughs  and  ridges  of  the  com¬ 
plete  field  as  distinguished  from  the  troughs  and  ridges  of  the  conponent 
fields.  It  is  not  easy  to  answer  such  a  question. 

In  the  first  place,  since  the  different  troughs  and  ridges  appearing 
on  a  synoptic  map  usually  have  different  tilts,  these  tilts  must  be  averaged 
in  some  way  to  obtain  a  quantity  which  may  be  compared  with  .  Although 

it  may  be  obvious  in  certain  cases  which  troughs  and  ridges  are  of  major  im¬ 
portance,  and  which  are  less  important,  it  is  not  at  ail  obvious  how  to  assign 
objectively  a  numerical  weighting  factor  to  each  one.  In  contrast,  the  weight¬ 
ing  factors  used  in  defining  seem  to  be  logically  as  well  as  objectively 

cfiosen,  since  those  component  fields  having  the  most  north- south  kinetic  energy, 
and  hence  contributing  most  strongly  to  the  mass  exchange,  are  presumably  the 
most  important  ones.  Perhaps  one  should  be  content  to  ask  whether  must  lie 

between  the  extreme  values  of  the  horizontal  tilts  of  the  troughs  and  ridges  of 
the  complete  field. 

Examination  shows  that  on  purely  theoretical  grounds  such  a  question 
must  be  answered  in  the  negative,  for  one  may  artificially  construct  complete 
fields  whose  troughs  and  ridges  all  have  north-south  orientations,  but  where 

is  not  zero.  Such  a  field  is  readily  obtained  by  taking  a  field  whose  con¬ 
tour  lines  are  simple  sine  curves,  and  deforming  portions  of  the  contours  which 
are  not  too  close  to  the  troughs  and  ridges.  Out  whether  complete  fields  where 
(E) 6  does  not  lie  between  the  extreme  tilts  of  the  troughs  and  ridges  are 
actually  found  in  the  atmosphere,  or  whether  they  are  purely  artificial  creations, 
is  another  question.  Perhaps  an  extensive  observational  study  of  horizontal  tilts 
is  the  only  feasible  method  of  answering  it. 

No  such  study  has  been  undertaken  here.  Perhaps  the  nearest  approach 
to  such  a  study  was  made  by  Miritz  (1949),  who  measured  the  horizontal  tilts,  at 
35°  N,  of  all  trough  and  ridge  lines  appearing  on  analyzed  daily  500  millibar 
maps  for  December  1945.  Mintz  found  positive  tilts  in  over  eighty  percent  of 
the  cases,  and,  weighting  each  trough  and  ridge  equally,  found  a  positive  average 
horizontal  tilt.  At  the  same  time,  he  found  i  northward  transport  of  angular 
momentum  across  35°  N,  implying  a  positive  time  average  of  . 

It  does  not  seem  unreasonable  to  suppose  that  usually  resembles 

a  suitable  average  value  of  the  tilts  in  the  complete  field.  In  the  absence  of 
an  entirely  suitable  objective  method  of  averaging  these  tilts,  it  is  possible 
that  C Of  is  the  best  obtainable  measure  of  an  average  horizontal  tilt  of  the 
troughs  and  ridges. 

Similar  remarks  apply  to  a  comparison  of  (tjp  with  the  vertical  tilts 
of  the  troughs  and  ridges  of  the  complete  field. 

Ohe  might  argue  that  and  (f,)p  are  nothing  more  than  the  quotients 

of  quantities  already  known  to  be  important,  namely,  the  geostrophic  transports 
of  angular  momentum  and  heat,  and  the  north-south  kinetic  energy.  Tine  writer 
feels  that  in  view  of  the  interpretation  of  and  (t)p  as  average  tilts, 
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these  quantities  are  important  in  their  own  right,  aside  from  their  relation  to 
the  transports.  If  this  is  so,  a  study  of  the  behavior  of  (£)^  and  ,  in¬ 

cluding  a  study  of  their  time  variations,  should  be  a  worthwhile  contribution 
to  the  study  of  the  general  circulation.  Such  a  study,  combined  with  a  study 
of  the  behavior  of  the  mass  exchange,  would  also  amount  to  an  additional  method 
for  studying  the  transports  of  angular  momentum  and  heat. 

5.  A is  ideal  computation  procedure 

The  simple  expressions  -  and  occurring  in  table  1  sug¬ 

gest  a  simple  procedure  for  computing  instantaneous  geastrophie  transports  of 
angular  momenta*!!  and  heat.  In  these  computations,  partial  derivatives  of  2 
are  replaced  by  finite  differences.  The  necessary  data  consist  of  values  of  2 
at  a  three-dimensional  network  of  points.  These  points  are  the  intersections 
of  specified  sets  of  constant- longitude  surfaces,  constant- latitude  surfaces, 
and  constant-pressure  surfaces. 

A  portion  of  a  typical  network  appears  in  fig.  1.  In  this  example 
the  constant -longitude  and  constant-latitude  surfaces  are  each  spaced  at  inter¬ 
vals  of  five  degrees.  For  reference  certain  intersections  are  designated  by 
capital  letters.  Such  expressions  as  2(A)  will  denote  such  quantities  as  the 
value  of  2L  at  the  point  designated  by  A  in  fig*  I. 


$.♦13 


rig.  i.  A  portion  of  a  network  of  points  used  in  computing  the  geostrophic  transports 
of  angular  momentum  and  heat. 


The  quant i  ty  /v'(A)  i  Z.(A+)  -  Z-  (A  )  is  related  to  the  geostro¬ 
phic  value  of  at  at  A  ,  or  more  precisely  to  the  average  geostrophic  value 
of  a/*  l>etween  A  and  A*,  by  a  factor  depending  only  upon  latitude.  Similarly, 
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the  quantity  2 (A')  -  ^(8)  is  related  to  the  average  geoetrophic 

value  of  At  between  A  and  0  by  a  factor  depending  only  upon  latitude,  while 
the  quantity  T*  (A,C)  *  Z(A)  -  2  (c)  is  related  to  the  average  temperature 
between  A  and  C  by  a  factor  depending  upon  latitude  and  pressure.  The 
symbol  ~  between  two  quantities  will  be  used  to  indicate  that  the  quantities 
differ  by  a  factor  which  is  determined  by  the  coordinates  <j>  and  p  •  Two 
quantities  so  related  may  be  said  to  be  measures  of  each  other. 

A  summation  sign  SL  will  always  denote  a  sum  over  all  longitudes; 
thus,  for  example, 

Z  Z(A)  *  22(  A*)  =  2  2  (A**)  »  •  •  • 

r  Z  l A)  +  Z  (A+J  +  ^  (A**)  +  '  '  ) 

X  2-  ( a)  z(b‘)  -  Zl  -z  (A*)  2(g)  *  -- 

c.  Z.(A^Z(8-)  -r  Z(A*)  Z(S>  -  Z(A~)  *(8*)  +  ’ 

The  transport  of  heat  is  most  conveniently  measured  within  a  layer, 
across  one  latitude.  The  geos trophic  transport  of  heat  across  latitude  <p0 
within  the  layer  between  pressures  p*  and  p,  may  be  measured  by 


-^Zp^C)  ~  Z  ^‘(O)  T"(A,c>3 

-  Z  [*(a)  2(0  -  *(*)  ^c’)] 

-  I  *r'(c)  m 

In  an  analogous  way. 


-  2>  2f(A,8)  ~  Z  ['/*("•'(*) 

=  £  [z  (*)  Z(8*)  -  2(A)  2  (S')] 

-  Z  (A)  AC*  IS)  . 


Unlike  -  Z>lZp(A>C)  ,  the  quantity  -  2^  (A,  3)  does  not  measure  a 

transport  within  a  layer,  but  rather  the  average  northward  geostrophic  transport 
of  angular  momentum  per  unit  pressure  between  latitudes  j6„  and  f.+X  at  the 
single  pressure  fa  .  It  may,  however,  be  regarded  as  a  measure  of  the  trans¬ 
port  across  latitude  2 '/*.  • 
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It  should  be  noted  that  the  square  of  the  mass  exchange  across  latitude 
,  or  the  north-south  kinetic  energy  per  unit  pressure  at  $0  ,  may  be 


measured  by 


57  (K)  ~  U  a 

_  2  -*Ca)  *tA")} 

-  zL/k\  (A‘) 

Thus,  without  actually  calculating  at'  at  any  points  of  the  network, 
one  may  measure  Zj,*  }  “  “2  >  ~Z.+  ,  and  -‘2  ^  ~Zy  ,  each  by  the  difference  of 

two  longitudinal  suns  of  products  of  heights.  Alternatively,  each  quantity  may 
be  measured  by  a  single  longitudinal  sum  of  products  of  a  height  with  a  north¬ 
ward  velocity  a r‘  ,  if  the  values  of  at*  are  first  obtained. 

Since  the  transports  of  angular  momentum  across  latitudes 
<po  }  t*  +  5- ,  <£„+  10 ,  •  -  •  -  rather  that  e  *1  ■  •  •  • 

are  often  desired,  the  transport  across  ^+5  ,  for  example,  may  be  measured 

by  the  sum 

-=.  ^  QzU)- 


One  might  also  use  ten-degree  rather  than  five-degree  differences  in  Z  to 
measure  m.  ,  say  m'(8)  -  2tA)  -  2.  {.O)  ,  In  this  case 


-Z„z,  (8)  ~  X  »'{B)  At'  (8) 

_  ^  [  (z(A)  -  Z1  (dV)  at*  IQ)] 
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The  two  methods  therefore  yield  the  same  result;  each  actually  represents  the 
transport  across  latitude  by  an  average  transport  between  <^>0  and 

^„+io  .  Since  only  the  former  method  also  obtains  the  average  transport  be¬ 
tween  <^0  and  +  f  t  th*  US€  five-degree  differences  of  z  to  measure 
M.  actually  yields  more  information  concerning  the  transport  of  angular 
momentum. 

Analogous  reasoning  applies  to  the  possibility  of  obtaining  the 
transport  of  heat  at  pressure  p ,  by  means  of  an  average  temperature  between 
A  and  £  . 

Since  the  use  of  five-degree  differences  of  z  to  measure  M  and  T 
yields  more  information  then  the  use  of  ten-degree  differences,  it  might  seem 
that  additional  information  could  also  be  obtained  by  using  five-degree  dif¬ 
ferences  of  Z  to  measure  ,  say  a  Z  (A*)  -2(A),  But  in  this 

case. 


-z7z*(A,A*e,sO  -  I 


^“(8,  B*)][u"(A,8)  +  aa“(a*, 8*)] 


which  is  the  result  obtained  when  rs~  is  measured  by  a  ten-degree  difference 
of  2.  ,  Tli us  no  additional  information  is  obtained.  An  analogous  result 

occurs  when  -  z^-zp  (  A, A-*,  C  ,  C  +  )  is  considered. 

The  ideal  computation  procedure  is  therefore  as  follows: 

Ohe  computes  all  sums  of  products  of  heights  of  the  form  J  Z  *  (A^ 

Xz(X)z(A~),  2  Z(A}Z(e*),  12^2(0')^  ^  z(.A>  Z(C*),  avxd 

21  Z.  (A)  Z  (c  )  Che  then  takes  the  differences  ~Z(A)2.(A  )1 

^[zCAUCB^-ZCA^  ZC8')]  ,  and  tl[zCa)z(c*)-  zCA)z(c-)] 

to  represent  2.^  ,  -  'Z>  ~Zp  .and  -  Z>  2p  .  Alternatively,  one  may 
calculate  er'  at  each  point  of  the  network,  and  then  compute  all  sums  of  pro¬ 
ducts  of  the  form  2  2  (A'jat  (A");  2  ~Z  (A)*c'(0)  and  X  Z  (A)  'Kr'  ( C)  • 

In  no  case  will  any  labor  at  a  later  time  be  saved  by  first  calculating  >*“  or 
Th  at  the  points  of  the  network.  The  factors  necessary  to  convert  the  sums  of 
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products  into  the  geostrophic  transports  of  angular  momentum  and  heat  may  be 
tabulated  once  and  for  all  as  functions  of  latitude  and  pressure  alone* 

'Hie  latter  procedure,  involving  calculation  of  the  values  of  /v '  , 
probably  requires  less  labor  than  any  other  procedure  which  could  be  based  upon 
the  same  network  of  points.  (]fc  the  other  hand,  the  sums  of  products  of  heights 
(  T  ZiA)  Z.  (  S  ,  etc.  )jobtained  in  the  former  procedure,  may  be  inter¬ 
esting  quantities  in  their  own  right.  If  the  former  procedure  is  chosen,  it  may 
be  of  interest  also  to  obtain  the  aims  of  the  form  *2.  2T  (A)  2(B),  TL  2  {A}  2(c)* 
and  perhaps  certain  others.  These  particular  sums  actually  appear  in  expressions 
measuring  the  standard  deviations  of  M  ami  T  .  It  should  be  noted  that  each 
sum  is  part  of  the  numerator  of  a  longitudinal  correlation  coefficient  between 
heights,  ftjssibiy  all  suras  of  the  form  *2_  ,  where  X  is  any  point 

near  A  in  the  network,  are  significant  features  of  the  general  circulation. 

It  would  be  interesting  to  observe  how  each  sum  varies  with  changes  of  the  large- 
scale  weather  pattern. 


PART  II.  THE  BALANCE  OF  ANGULAR  MOMENTUM 
DURING  THE  WINTER  OF  1945-46 

1.  Computation  procedure 

The  balance  of  absolute  angular  momentum  in  the  atmosphere  for  the 
month  of  January  1946  was  studied  in  detail  by  Widger  (1949).  Widger's  results 
are  included  in  an  early  report  of  the  General  Circulation  Project  (Report  No.  3 , 
contract  W28-099  ac-406) . 

Ohe  of  the  principal  current  aims  of  the  General  Circulation  Project 
has  been  the  extension  of  Widger's  study  to  a  longer  period  of  time,  namely,  the 
120-day  period  1  November  1945  through  28  February  1946.  The  desired  computa¬ 
tions  have  now  been  completed,  and  the  results  are  presented  here. 

The  writer  wishes  to  emphasize  that  these  results  are  not  primarily 
his.  nor  were  they  obtained  by  any  one  person.  Rather,  they  represent  the  com¬ 
bined  work  of  persons  associated  at  present  or  formerly  with  the  General  Circu¬ 
lation  Project.  The  basic  method  for  obtaining  the  results  was  proposed  by 
Starr.  The  procedure  for  computing  most  of  the  quantities  is  essentially  that 
developed  and  used  by  Widger,  while  the  procedure  for  computing  the  mountain 
torque  is  the  one  developed  and  used  by  White  (1949).  Most  of  the  computations 
(excepting  January  1946)  were  performed  by  the  Center  of  Analysis,  M. I.T. , 
largely  by  the  use  of  punched-card  machines.  The  writer's  part  has  consisted 
mostly  of  assembling  the  computations. 

As  in  the  case  of  Widger's  study,  all  computations  explicitly  in¬ 
volving  the  wind  have  been  based  upon  computed  geostrophic  winds.  As  pointed 
out  in  part  I,  such  a  procedure  automatically  omits  the  effect  of  meridional 
cells.  Tie  omission  of  meridional  cells  from  the  computations  is  not  to  1* 


regarded  as  a  proposition  that  meridional  cells  are  unimportant.  It  merely  re¬ 
flects  the  impossibility  of  observing  meridional  cells  from  the  available  data. 
The  consistency  or  inconsistency  of  the  final  results  may  perhaps  be  regarded 
as  a  measure  of  the  necessity  for  assuming  the  existence  of  meridional  cells  to 
explain  the  balance  of  angular  momentum. 

It  was  almost  inevitable  that  during  the  past  two  years,  while  the 
computations  were  being  performed,  a  number  of  minor  modifications  should  sug¬ 
gest  themselves,  Some  of  these  modifications  have  been  incorporated  into  the 
present  computations.  This  section  aims  to  present  a  brief  Uit  adequate 
description  of  the  computation  procedure,  together  with  the  principal  mrnericai 
results.  All  deviations  from  the  procedure  used  by  Widger  are  discussed.  Fur¬ 
ther  details  of  the  procedure  are  described  in  Report  No.  3,  contract  W28-099 
ac-406. 

The  absolute  angular  momentum  contained  in  a  unit  mass  of  atmosphere 
may  be  expressed  as 


f'A  -■  coS  "*■  tj,  to 


a. 


cos 


i  .  ii 


(17) 


where  rt  ■*  a.  toi  u>  is  the  angular  momentum  due  to  the  earth’s 

rotation,  which  has  been  called  u>- angular  momentum,  while  the  term  s  4.  to*  j£  M. 

is  the  angular  momentum  of  the  motion  relative  to  the  earth's  surface,  which 
has  been  called  relative  angular  momentum 

From  the  equation  for  eastward  acceleration  and  the  equation  of  con¬ 
tinuity  it  appears  that 


J  M  .  + 

t  3A 


J;  v  pn  c 


(18) 


where  C  is  the  velocity  vector  relative  to  the  earth’s  surface,  and  D  is 
the  westward  acceleration  due  to  friction.  If  (18)  is  integrated  over  a  volume 
V  whose  surface  is  S  ,  there  results  the  equation 

i  (  f  m'<(v  +  fr  {  jv 

v  v 

-  {  Cv.dS  +  \  f  *•  <**  i  rOdv  jm , 

S  s  \/  v 

where  CH  is  the  component  of  C  normal  to  S  ,  directed  into  V  .  Equation 
(19)  expresses  a  balance  between  the  time  rate  of  change  of  u>-  and  relative 
angular  momentum  contained  in  \/  ,  the  transport  of  U-  and  relative  angular 

momentum  into  \J  ,  the  total  eastward  frictional  force  on  \/  ,  and  the  total 

eastward  pressure  gradient  force  on  V  . 

It  is  convenient  to  choose  for  V  a  "ring-shaped*  region  whose  bound¬ 
ary  S  consists  of  two  vertical  surfaces  at  latitudes  and  ,  and  two 

horizontal  surfaces  at  elevations  Z. ,  and  z.  ^ •  In  the  event  that  such  a 
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region  intersects  the  earth's  surface,  however,  \?  will  he  taken  to  be  that 
portion  of  the  volume  occupied  by  atmosphere  rather  than  solid  earth.  The  four 
portions  of  V  may  conveniently  be  called  the  top,  the  bottom,  and  the  north 
and  south  sides  of  V  .  The  term  "ring-shaped  region*  will  always  refer  to  a 
region  of  this  sort. 

Evidently  the  entire  atmosphere  may  be  expressed  as  an  infinite  sum 
of  ring-shaped  regions,  and  it  may  be  expressed  as  a  finite  sum  if  Z s  vo  is 
allowable  as  an  upper  boundary  of  a  region.  Lack  of  worldwide  data  has  limited 
the  present  study  to  the  portion  of  the  atmosphere  north  of  20°  N  and  below  7.5 
km.  This  portion  has  been  divided  into  36  ring-shaped  regions.  It  is  first 
divided  into  three  layers:  a  lower  layer  extending  from  the  earth’s  surface  to 
1.5  km,  a  middle  layer  from  1.5  to  4.5  km,  and  an  upper  layer  from  4.5  to  7.5 
ks.  Each  layer  is  then  divided  into  twelve  ring-shaped  regions:  one  bounded 
by  90°  N  and  75°  N,  and  eleven  bounded  by  latitudes  five  degrees  apart,  i.e. , 

75°  N  and  70°  N,  70°  N  and  65°  N,  ....  25°  N  and  20°  N.  Of  course  the  north¬ 
ernmost  region  in  each  layer  is  actually  disc-shaped  rather  than  ring-shaped. 

The  angular  momentum  balance  has  been  studied  in  each  region  indi¬ 
vidually,  for  the  120-day  period  1  November  1945  through  28  February  1946.  The 
data  consist  of  individual  sea-level  pressures  and  700-  and  500-  millibar 
heights,  extracted  from  analyzed  daily  northern  hemisphere  maps,  for  each  day 
of  the  period,  at  each  five  degrees  of  latitude  and  longitude,  throughout  the 
portion  of  the  northern  hemisphere  covered  by  the  analyses.  The  sea- level  and 
500 -mb  maps  were  taken  from  the  Northern  Hemisphere  Historical  Weather  Map 
series  (U.  S.  Air  Weather  Service  1945-46),  while  the  700-mb  maps  were  photo¬ 
graphic  copies  of  maps  analyzed  by  the  U.  S.  Air  Weather  Service  and  the  U,  S. 
Weather  Bureau. 

Computed  geostrophic  winds  at  sea-level,  700  mb,  and  500  mb  were  as¬ 
sented  to  be  representative  of  winds  in  the  lower,  middle,  and  upper  layers,  for 
the  purposes  of  this  study. 

Since  rV  ,  the  to-  angular  momentum  per  unit  r  3S,  depends  only 
upon  geographical  position,  the  change  and  transport  of  U>-  angular  momentum 
are  determined  by  the  change  and  transport  of  mass.  Moreover,  because  of  con¬ 
tinuity,  the  transport  of  mass  across  the  boundary  of  a  region  must  equal  the 
change  of  mass  within  the  region.  It  does  not  follow,  however,  that  the  trans¬ 
port  of  u>-  angular  momentum  across  the  boundary  equals  the  change  of  u> -  angular 
momentum  within  the  region,  since  the  ratio  of  w-  angular  momentum  to  mass 
varies  with  latitude.  Thus,  the  total  transport  of  mass  into  a  small  region  is 
usually  the  small  difference  between  two  relatively  large  and  nearly  equal  quan¬ 
tities,  the  inflow  and  outflow  of  mass.  These  usually  occur  at  different  lati¬ 
tudes,  and  must  be  multiplied  by  different  latitude  factors  to  yield  the  inflow 
and  outflow  of  u>-  angular  momentum,  whose  difference  is  the  transport  of 
**»-  angular  momentum. 
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More  precisely,  since  is  the  change  of  mass  per  unit  volume, 

and  PCK  is  the  transport  of  mass  across  a  unit  area,  the  equation  of  contin¬ 
uity  states  that 

S  37at  Jv  =  <;  , 

^  S 

while  the  change  end  transport  of  <»-anguiar  momentum  are  given  respectively 
by 

^  a?  CoS1, 4  \jj  ai\j  i.'vd  C  us  £  C*  J  S  t 

which  are  in  general  not  equal. 

It  will  be  convenient  to  use  the  term  "cone-3haped  region*  to  de* 
scribe  a  region  bounded  by  two  latitudes,  the  earth’s  surface,  and  the  top  of 
the  atmosphere.  Evidently  three  ring-shaped  regions,  one  in  each  layer,  to¬ 
gether  with  a  ring-shaped  region  extending  from  7.5  Ion  to  the  top  of  the  atmos¬ 
phere,  coniine  to  form  a  cone-shaped  region.  Thus  one  may  refer  to  the  cone- 
shaped  region  which  contains  a  given  ring-shaped  region. 

Tlie  mass  of  a  cone-shaped  region  may  be  measured  approximately  by  the 
sea-level  pressure  ,  i.e. , 

;  $  >"r. • 

the  latter  integral  extending  over  the  bottom  of  the  region.  The  mass  change 
during  a  period  may  therefore  be  computed  from  the  sea- level  pressure  profiles 
for  the  initial  and  final  instants  of  the  period.  Table  2  presents  the  sea- 
level  pressure  profiles  for  1  November  1945  and  28  February  1946,  and  the  com¬ 
puted  changes  and  transpr-ts  of -  and  u>  -  angular  momen*-im  during  the  period 

between  these  dates. 

The  ring-shaped  regions  under  study  do  not  extend  from  sea-level  to 
infinity,  but  are  bounded  by  two  horizontal  surfaces.  The  mass  change  in  such 
a  region,  and  hence  the  mass  transport  and  the  change  of  u» -angular  momentum 
can  be  computed  from  the  pressure  changes  cm  the  top  and  bottom.  It  is  not 
possible,  however,  to  compute  the  transport  cf  to  -  angular  momentum  from 
pressure  changes  alone,  since  they  do  not  reveal  how  much  of  the  mass  trans¬ 
port  takes  place  vertically  across  the  top  and  bottom,  where  the  latitude  is 
not  constant. 

Widger  introduced  the  assumption  that  all  the  mass  transport  took 
place  horizontally.  He  was  then  able  to  compute  the  horizontal  transport  of 
‘•o  -  angular  momentum  without  difficulty.  He  pointed  out,  however,  that  such 
an  assumption  was  not  necessarily  justified.  In  the  present  study  no  computa¬ 
tions  are  made  for  the  change  and  transport  of  cm- angular  momentum,  except  for 
those  already  presented  in  table  2. 
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Table  3.  Change  of  relative  angular  aoaentuB,  1  November  1945  - 
28  February  1946. 
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If  the  period  of  time  under  study  were  sufficiently  long,  the  change 
of  w angular  momentum  could  of  course  be  neglected,  since  there  are  no  appre¬ 
ciable  net  long-period  changes  in  the  distribution  of  mass.  The  transport  of 
w*  angular  momentum  into  a  ring-shaped  region  could  also  be  neglected  in  the 
absence  of  any  net  mass  inflow  at  one  latitude  accompanied  by  net  mass  outflow 
at  another  latitude,  and  hence  in  particular  in  the  absence  of  mean  meridional 
cells.  Whether  or  not  the  change  iind  transport  of  cu-  angular  momentum  may 
properly  be  neglected  in  the  study  oi  a  120-day  period,  in  comparison  with  the 
remaining  terms  of  119),  will  be  considered  in  a  later  section. 

The  change  of  relative  angular  momentum  may  be  written 

^  A.  cos  ^  3  V 

V 

Like  the  change  of  ui-  angular  momentum,  it  can  be  computed  from  data  for  the 
initial  and  final  instants  of  the  period.  Values  of  ^l/***-)  /  3t  ,  and  hence 
of  the  change  of  relative  angular  momentum  per  centimeter  of  height,  can  be 
computed  geos trophi cal ly  from  the  sea-level  pressure  profiles.  These  values 
are  then  multiplied  by  1.5  x  10s  cm  to  obtain  changes  in  the  regions  in  the 
lower  layer.  Values  of  ?**-/» t  ,  and  hence  of  the  change  of  relative  angular 
momentum  per  unit  '  f  pressure,  can  be  computed  geostrophical ly  from  the  height 
profiles  at  700  mb  and  500  mb.  These  values  are  multiplied  by  typical  values 
of  at  700  mb  and  500  mb  to  obtain  changes  per  centimeter  of  elevation,  and 
then  by  3  x  105  to  obtain  changes  in  the  regions  in  the  middle  and  upper  lay¬ 
ers.  The  results  appear  in  table  3. 

In  the  computations  for  the  middle  and  upper  layers,  t  has 

been  replaced  by  P  at  ,  so  that  density  changes  have  been  neglected. 

Since  the  percentage  change  of  density  is  usually  small  compared  to  the  per¬ 
centage  change  of  zonal  wind  speed,  such  a  procedu”**  seems  justifiable.  Of 
course,  like  the  change  and  transport  of  to  -  angular  momentum,  the  entire 
change  of  relative  angular  momentun  could  be  neglected  if  the  period  under 
study  were  sufficiently  long. 

Hie  remaining  terms  in  (19)  must  therefore  balance  each  other  over  a 
long  period  of  time,  but  there  is  no  reason  why  each  individual  term  should  be 
small.  Indeed,  it  was  the  observation  that  at  individual  latitudes  the  fric¬ 
tional  drag  of  the  earth's  surface  on  the  atmosphere  does  not  drop  out  in  the 
long  run  which  led  Jeffreys  (1926)  to  consider  the  importance  of  the  angular 
momentum  balance.  Confutation  of  the  remaining  terms  therefore  necessarily 
requires  data  for  the  entire  period  under  study. 

The  fourth  term  in  (19)  represents  the  transport  of  relative  angular 
momentum  into  V  •  If  V  is  a  ring-shaped  region,  this  transport  consists 
of  a  horizontal  transport  through  the  sides  and  a  vertical  transport  through 
the  top  and  bottom.  If  geostrophic  measurements  are  used,  the  horizontal 
transport  into  V  is  simply  the  difference  of  the  geostrophic  transports  of 
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angular  momentum  across  the  bounding  latitudes  and  ^  .  An  ideal  method 
for  computing  this  transport  was  described  in  part  I.  In  practice  the  method 
rraist  be  modified  slightly,  since  the  layers  under  consideration  are  bounded  by 
constant  levels  rather  than  constant  pressures, and  the  data  for  the  lower  layer 
come  from  constant  level  rather  than  constant  pressure  maps.  Thus,  for  tlie 
lower  layer  -p>  ^  must  be  multiplied  by  ,  and  for  the  other  layers 

2-y,  'Z.p  must  be  multiplied  by  f>  ,  to  obtain  quantities  which  are  measures  of 
the  transport  within  a  layer  one  centimeter  thick.  Typical  monthly  normal  values 
of  f  were  used.  Thus,  the  effect  of  longitudinal  variations  of  density  was 
neglected.  An  auxiliary  study,  described  in  an  earlier  report  (final  report, 
contract  W28-099  ac-405),  indicates  that  in  middle  latitudes  this  effect  is  not 
important. 

Aside  from  these  considerations,  it  must  be  mentioned  that  most  of  the 
computations  had  been  performed  before  the  ideal  computation  procedure  was  de¬ 
veloped.  The  procedure  actually  used,  which  is  the  procedure  developed  by  Widger, 
differs  from  the  ideal  computation  procedure  in  that  ten-degree  rather  than  five- 
degree  differences  in  Z  are  used  to  measure  values  of  M.  .  However,  it  yields 
identical  results;  its  only  disadvantage  is  that  it  involves  somewhat  more  labor. 

At  the  time  of  Widger's  measurements,  preliminary  investigations  sug¬ 
gested  that  the  geostrophic  method  yielded  an  underestimate  of  the  transport  of 
relative  angular  momentum.  Widger’s  figures  were  therefore  multiplied  by  the 
factor  1.5.  Subsequent  investigations  have  failed  to  verify  the  earlier  results. 
Therefore,  in  the  present  computations,  the  factor  1.5  has  not  been  included,  and 
the  figures  actually  represent  the  geostrophic  transport.  Values  of  the  horizon¬ 
tal  transport  of  relative  angular  momentum  within  the  three  layers  appear  in 
table  4. 

Since  the  vertical  transport  of  relative  angular  momentum  into  V  in¬ 
volves  the  vertical  wind  speed,  it  cannot  be  computed  directly  from  observational 
data.  It  may,  however,  be  obtained  from  continuity  considerations,  under  suitable 
assumptions. 

The  fifth  term  in  (19)  gives  the  total  eastward  torque  upon  V  due  to 
friction.  The  value  of  this  torque  depends  upon  how  friction  is  defined.  The 
wind  components  referred  to  as  m  ,  v  ,  and  are  presumably  not  the  components 
of  the  velocities  of  individual  molecules,  but  rather  are  velocities  averaged  over 
certain  time  intervals  or  throughout  certain  volumes.  Such  an  averaging  process 
conceals  the  individual  molecular  motions,  and  also  conceals  the  eddies  whose 
periods  or  sizes  are  smaller  than  the  time  intervals  or  volumes  involved.  Such 
eddies  may  then  be  regarded  as  turbulence,  and  friction  may  be  regarded  as  con¬ 
sisting  of  molecular  friction  and  turbulence. 

A  consideration  of  skin  friction  has  led  to  the  choice  of  the  size  of 
the  eddies  to  be  regarded  as  turliuience  in  the  present  study.  A  familiar  formula 
expresses  the  friction  force  exerted  on  the  atmosphere  by  a  unit  area  of  the 
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Table  4-  Transport  of  rei *ti rr  tuguitr  tia»,  l  No***i»«r  1945  - 

28  February  194& 


Table  5.  Friction  torque,  Mountain  torque,  and  surface  torque, 
1  November  1945  -  28  February  1946 


p  (degrees  north) 

Westward 
p  and  p 

torque  upon 
♦5,  l  unit  * 

tttno sphere  between 

10  c*  «cc 

friction 

torque 

Mountain 

torque 

aurface  torque  » 
friction  torque* 
Mountain  torque 

75 

-61* 

w. 

-61* 

70 

-49 

- 

-49 

65 

-83 

-81 

~  164 

60 

•116 

-206 

-322 

SS 

•48 

-58 

-106 

SO 

282 

82 

364 

45 

494 

215 

705 

40 

391 

328 

7  IS 

35 

270 

72 

342 

30 

114 

-145 

-31 

25 

-334 

-333 

-667 

20 
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Torque  between  75°  N  and  90°  N. 


earth's  surface  as 


F  »  xrc", 


(20) 


•here  C  is  the  speed  of  the  surface  wind,  and  X  is  a  dimensionless  coefficient 
of  skin  friction,  It  seems  desirable  to  review  at  this  time  the  basis  for  this 
fcrasiia. 


Formula  (20)  was  originally  obtained  by  Stanton  (1913)  for  fluids 
flowing  through  a  pipe,  and  its  application  to  atmospheric  flow  is  due  to  Taylor 
(1916).  Under  the  assumption  of  steady  conditions,  Taylor  (1915)  first  derived 
the  theoretical  relations 


<=■/  Cf 

~  CoS  cc  -  OL  f 

(21) 

H  *  * 

”  t 

ZL  1  {  L2  *  * 

i 

(22) 

where  C^.  is  the  speed  of  the  geo3trophic  wind,  cc  is  the  angle  between  the 
surface  wind  and  the  gecstrophic  wind,  H ,  is  the  height  at  which  the  wind 
direction  first  attains,  the  geos  trophic  wind  direction,  and  is  the  coeffi¬ 
cient  of  eddy  viscosity.  By  conparing  pilot  balloon  observations  with 
geostrophic  winds  measured  from  analyzed  maps,  Dobson  (1914)  obtained  a  set  of 
observations  of  C.^  ,  C,  <#.  j  and  H,  .  Dobson’s  results  enabled  Tayior  to 
verify  (21),  and  to  compute  /n /  p  from  (22),  for  various  wind  speeds.  Later, 
Taylor  (1916)  derived  the  theoretical  relation 

13-  +  cv 

F  *  * /*  CJ  S,V  -2-rr- -  ;  (23) 

H  i 

from  which  he  computed  f~  .  Fran  (20)  he  then  computed  X  ,  He  found  no  ten¬ 
dency  for  K  to  increase  or  decrease  with  increasing  wind  speed,  and  his  values, 
ranging  from  2.2  *  10  5  to  3T  "  19  ,  compared  favorably  with  Stanton’s 

value  of  4  *  1  o’*  .  Oh  the  other  hand.^tt  and  increased  significantly  with  in¬ 
creasing  wind  speed. 

The  surface  wind  of  Dobson’s  observations  was  actually  the  wind  at 
the  anemometer  level  of  30  meters.  The  observations  were  made  in  England  over 
relatively  smooth  terrain.  The  eddies  which  affected  his  results  thus  may  have 
had  diameters  of  several  meters  or  more,  and  may  have  resulted  from  such  ir¬ 
regularities  of  the  earth’s  surface  as  vegetation.  In  the  present  study,  eddies 
with  diameters  of  a  few  meters  or  less  have  been  regarded  as  turbulence.  With 
this  choice,  there  is  some  basis  for  using  formula  (20)  in  the  computations. 

If  only  those  eddies  with  diameters  of  a  few  meters  or  less  are  re¬ 
garded  as  turbulence,  the  wind  components  ,M  and  at*  should  include  all  larger 
eddies,  and  the  horizontal  transport  of  relative  angular  momentum  should  include 
the  transport  due  to  these  eddies.  The  method  of  computation  necessarily  omits 
the  transport  due  to  horizontal  eddies  which  are  too  small  to  appear  on  analyzed 
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northern  hemisphere  It  is  believed,  however,  that  moist  of  the  horizontal 

eddy  transport  of  angular  foorsenuiss  is  accomplished  by  the  very  large  eddies, 
coe^jarable  in  size  with  cyclones,  or  larger.  If  this  assumption  is  correct, 
the  omission  of  the  horizontal  transport  due  to  soraewha t  &tm Her  eddies  is  just¬ 
ified,  It  would  appear  equally  justifiable  to  omit  the  horizontal  transport  due 
to  eddies  regarded  as  turbulence,  i.e,,  to  omit  the  torque  due  to  friction  on 
the  north  and  south  sides  of  V  •  The  fifth  term  in  (19)  is  then  limited  to  a 
torque  on  the  top  and  bottom  of  V  *  Only  the  torque  due  to  skin  friction  has 
been  computed,  Hus  torque  will  be  called  simply  tine  friction  torque. 

Although  much  of  the  earth's  surface  is  more  than  1.5  kn  above  sea 
level,  it  has  been  assumed  for  simplicity  that  the  friction  torque  acts  only 
upon  the  regions  in  the  lower  layer.  The  magnitude  of  the  skin  friction  upon  a 
unit  area  of  the  bottom  of  such  a  region  has  been  assumed  to  be  sv*)  , 

with  X  *  1  *  lo  a  .  This  skin  friction  law  has  been  assumed  to  hold  over  ocean 
and  land;  perhaps  ocean  waves  are  the  irregularities  associated  with  turbulence 
over  the  ocean.  The  eastward  cotqponent  of  the  skin  friction  is  -X  f  /u(aa*+  at*  )  /4- 
so  that  the  fifth  term  in  (19)  may  be  written 

-  ^  CK.  CoS  <j>  X  f  A*  ( ct*  +  *r*0  *"  cA  S  } 

s 

the  integral  extending  over  the  portion  of  the  earth’s  surface  underlying  V  . 

By  a  procedure  analogous  to  the  one  used  in  computing  the  transport 
of  relative  angular  momentum,  values  of  ~  Pf  (  Pf  +  Coj'1^  p ^ ) V3i  were 
computed  from  the  sea-level  pressure  values  at  latitudes  75,  65,  55,  45,  35, 
and  25°  N.  Ten-degree  pressure  differences  were  used  as  measures  of  ^  and 
p>  .  These  values,  after  multiplication  by  typical  values  of  ,  are 

gecstrophic  measures  of  p  [ju1  *  ,  and  hence  of  the  frictional 

torque  throughout  a  ten-degree  latitude  zone.  Under  the  assumption  that  a 
typical  surface  wind  speed  is  six  tenths  of  the  geostrophic  wind  speed,  the 
geo3trophically  computed  values  were  multiplied  by  0.36.  No  departure  of  the 
direction  of  the  surface  wind  from  that  of  the  geostrophic  wind  was  assumed. 

In  Widger ‘s  computations,  it  was  assumed  that  the  value  of 
-  j’$(pfX'r  <.«s'x<$  ^  ,  computed  for  a  latitude  separating  two  ring-shaped 

regions,  was  representative  of  both  adjacent  regions.  It  is  now  felt  that 
such  a  procedure  yielded  good  values  for  the  sum  of  the  torques  acting  on  the 
two  regions,  but  that  the  apportionment  of  this  sum  between  the  two  regions 
was  not  realistic.  In  particular,  the  computed  torque  was  always  numerically 
larger  in  the  farther  south  of  the  regions,  since  the  latitude  factor  in¬ 
creases  southward.  _ _ _ _ 

It  was  found  that  the  values  of  -  f  t os'*  i  P>  )  were  very 

nearly  proportional  to  the  ten-degree  pressure  differences  -"p^T  »  a  result 

which  13  not  very  surprising,  since  the  frictional  torque  is  to  a  large  extent 
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a  Measure  of  the  strength  o?  the  lw'I«*ei  zonal  flow.  It  rat  therefore  fell 
that  realistic  results  could  be  obtained  by  dividing  the  torque  confuted  for  a 
ten -degree  zone  into  two  part®  proportional  to  the  values  of  -  te$  i/s'^f  5  ?hf 
in  the  two  five-degree  zones.  Such  a  procedure  yielded  the  values  of  the 
frictional  torque  which  appear  in  table  5. 

The  final  term  in  (19)  wit.  also  vanish  ii'V  is  a  ring-shaped  region 
which  does  not  intersect  the  earth’s  surface.  If,  however, V  is  intersected 
by  a  mountain  range,  a  difference  between  the  surface  pressures  on  the  east 
and  west  sides  of  the  range  will  result  in  a  torque  acting  upon  V  •  Such  a 
•rque  will  be  called  the  mountain  torque. 

Hie  method  used  to  compute  the  mountain  torque  has  been  described  in 
detail  by  White  (1949).  It  scents  sufficient  to  state  here  that  the  method  in¬ 
volves  the  construction  of  simplified  topographic  profiles  to  represent  the 
principal  mountain  ranges,  and  tliat  the  computations  involve  vertical  inter¬ 
polation  and  extrapolation  from  data  at  sea  level  and  700  millibars.  No  alter¬ 
ations  have  been  made  from  White’s  method  of  computation. 

As  in  the  case  of  the  friction  torque,  the  mountain  torque  was 
assumed  to  act  entirely  upon  the  regions  in  the  lower  layer.  Computed  values 
of  the  mountain  torque  appear  with  the  values  of  the  friction  torque  in  table 
5.  "Ihe  sum  of  the  friction  and  mountain  torques  will  be  called  the  surface 
torque;  this  torque  also  appears  in  table  S. 

2.  Diagru  of  the  aagvlar  aoaeatiu  balance 

The  computations  presented  in  tables  2,  3,  4,  and  5  make  it  possible 
to  construct  a  picture  of  the  angular  moraentiiD  balance  for  the  northern  hemis¬ 
phere.  Such  a  picture  is  presented  in  the  form  of  a  diagram  containing  stream¬ 
lines  of  angular  momentum.  The  basis  for  such  a  diagram  is  described  in  this 
section. 

The  net  change  of  U»-  and  relative  angular  momentum  within  zny  ring- 
shaped  region  must  equal  the  net  flow  of  angular  momentum  into  the  region, 
provided  that  the  surface  torque  is  regarded  as  a  flow  of  angular  momentum 
through  the  earth’s  surface.  The  surface  torque  constitutes  the  only  flow 
through  the  bottom  of  a  region  in  the  lower  layer,  since  no  mass  flows  through 
the  earth’s  surface.  The  outflow  through  the  top  of  such  a  region  can  thus  be 
determined  as  the  net  inflow  through  the  bottom  and  sides,  minus  the  net 
change  within  the  region.  Since  the  flow  through  the  top  of  a  region  in  the 
lower  layer  is  also  the  flow  through  the  bottom  of  a  region  in  the  middle  lay¬ 
er,  the  same  procedure  determines  the  flow  through  the  top  of  a  region  in  the 
middle  layer,  and  then  through  the  top  of  a  region  in  the  uppei  layer. 

A  study  of  tables  2,  3,  4,  and  5  shows  that  the  change  of  relative 
angular  momentum  in  each  region  in  the  lower  layer  tends  to  be  small  compared 
with  the  flow  through  the  bottom  or  through  a  side  of  the  region.  Thus  the 
computed  vertical  flow  through  the  top  would  not  be  significantly  affected  if 
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the  change  of  relative  angular  mcwenturo  were  neglected.  Sn  turn,  jt  appears 
that  changes  of  relative  angular  momentum  within  regions  in  the  middle  and  up¬ 
per  layers  <aay  be  neglected  in  the  corresponding  ccatpu  tat  ions. 

The  change  of  w-anguiar  momentum  has  been  computed  onl  y  lor  cone- 
si  taped  regions,  The  change  within  a  cone-shaped  region  is  evidently  very  small 
compared  to  the  flow  through  the  bottom  of  such  a  region,  if  it  may  be  asaumed 
that  the  change  within  a  ring-shaped  region  is  not  large  compared  to  the  change 
within  the  cone-shaped  region  which  contains  the  ring-shaped  region,  it  should 
be  proper  to  neglect  changes  of  to- angular  momentum  in  computing  the  vertical 
flow. 

Finally,  although  the  horizontal  transport  of  cu-anguiar  momentum 
across  some  latitudes  is  moderately  large,  the  differences  between  the  trans¬ 
ports  across  neighboring  latitudes,  appearing  in  the  final  column  of  tabic  2, 
are  small.  Transport  of  ui- angular  momentum  may  therefore  be  neglected  in  com¬ 
puting  vertical  flow,  if  it  is  proper  to  assume  that  the  net  transport  across 
the  sides  of  a  ring-shaped  region  is  not  large  compared  to  the  net  transport 
across  the  sides  of  the  cone-shaped  region  which  contains  the  ring-shaped  re¬ 
gion.  Such  an  assumption  would  appear  reasonable  if  mean  meridional  cells  are 
absent. 

It  thus  appears  that  in  studying  the  particular  120-day  period  chosen, 
it  is  permissible  to  neglect  the  three  terms  in  (19)  which  would  automatically 
have  been  negligible  if  the  period  had  been  sufficiently  long.  Apparently  this 
result  was  not  obtained  simply  because  of  the  particular  120-day  period  selected. 
According  to  table  2,  the  sea-level  pressure  profile  for  1  November  1945  was 
typical  of  a  "high-index"  situation,  while  the  profile  for  28  February  1946  was 
typical  of  a  "low-index"  situation.  This  index  change  shows  that  there  were 
large  net  redistributions  of  mass  during  the  period,  and  suggests  that  there  were 
also  large  redistributions  of  eastward  velocity.  It  thus  seems  rather  unlikely 
that  for  a  120-day  period  selected  at  random,  the  change  and  transport  of 
to- angular  momentum  and  the  change  of  relative  angular  momentum  would  greatly 
exceed  that  for  the  particular  period  selected. 

It  might  also  be  mentioned  that  if  the  latter  half  of  February  had 
been  omitted  from  this  study,  the  first  three  terms  of  (19)  would  have  been 
greatly  altered,  since  the  index  change  during  the  latter  half  of  February  was 
nearly  as  extreme  as  the  net  index  change  during  the  120-day  period.  At  the  same 
time,  no  major  changes  ir.  the  last  three  terms  of  (19)  would  result  from  omitting 
the  latter  half  of  February. 

It  therefore  seems  safe  to  state  that  if  for  any  120-day  period  the 
average  values  of  the  transport  of  relative  angular  momentum  and  the  surface 
torque  differ  greatly  from  their  normal  values,  the  anomaly  does  not  occur  simply 
because  the  change  and  transport  of  Co-angular  momentum  and  the  change  of  relative 
angular  momentum  during  this  period  are  large.  Rather,  large  anomalies  in  the 
transport  of  relative  angular  momentum  accompany  large  anomalies  in  the  surface 
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torque.  Of  course,  tLese  conclusions  do  not  apply  to  shorter  periods,  say, 
periods  of  a  meek  or  two. 

For  the  120-day  period  under  study,  the  vertical  flow  of  to  • angular 
momentum  through  the  bottom  and  top  of  each  region  has  been  computed,  the  change 
and  transport  of  to- angular  momentum  and  the  change  of  relative  angular  momentum 
being  neglected.  The  results  appear  in  table  6. 


Table  6-  Verticil  flow  of  angular  momentum,  1  Noveaber  1945  - 
28  February  1946 


(degrees  north) 

Upward 
p  and 

acron 

surface 

flow  of 

f>*5.  1 

tcrosi 

1*  5  kk 

engular  momentum  between 
unit  «  10*  4  gw  ca‘  sec " ' 
acroaa  across 

4.5  kw  7.5  kw 

75 

61 

62 

64 

74 

70 

49 

66 

61 

60 

65 

164 

186 

186 

157 

60 

322 

315 

286 

254 

55 

106 

87 

67 

44 

50 

-364 

-389 

-306 

-187 

45 

-709 

-688 

-566 

-352 

40 

-719 

-647 

-569 

-387 

35 

-342 

-276 

-262 

-144 

30 

31 

-48 

-85 

-159 

25 

667 

615 

582 

527 

20 

1113 

1096 

992 

898 

Table  ?.  Stream  function  for  flow  of  angular  aoaen tut,  1  November  1945  - 
28  February  1946 


p  (degrees  north) 

Stream  function 
elevation  Z.  ,  1 

Z  *  0  Z*  1,5  t« 

p  at  latitude  p 
unit*  10*®  gw  cm1 

4.5  kw  Z 

and 

•  i 

sec 

-  7,$  k« 

75 

-61 

-62 

-64 

-74 

70 

-110 

-128 

-125 

-134 

65 

-274 

-314 

-311 

-291 

60 

-596 

-629 

-597 

-545 

55 

-702 

-716 

-664 

-589 

50 

-338 

-327 

-358 

-402 

45 

371 

361 

208 

-SO 

40 

1090 

1008 

777 

337 

35 

1432 

1284 

1039 
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30 

1401 

1332 

1124 

640 

25 

734 

717 

542 

113 

20 

-379 

-379 

-450 

-785 
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Fig.  2-  Strewalines  of  angular  none n tun  for  the  period  1  Noveaber  1945  through 
February  1946-  Each  line  represents  a  total  flo*  of  200  x  10* *  gn  ci' 
sec*1  daring  the  period,  or  an  average  floe  of  approxiaately  2  x  10* * 
ga  ca*  sec*1.  Torques  exerted  on  the  ataosphere  by  the  earth  are 
treated  as  flow  of  angular  aoaentua  froa  the  earth  to  the  ataosphere. 

It  is  now  possible  to  construct  a  diagram  of  the  momentum  balance  of 
the  northern  hemisphere,  for  the  period  1  November  1945  through  28  February  1946, 
using  the  figures  in  tables  4  and  6.  The  omission  of  the  changes  of  angular 
acnentum  makes  a  simple  construction  process  possible,  since  one  can  then  intro¬ 
duce  a  'stream  function*  'j/  ,  whose  isopleths  are  lines  of  flow  of  angular  momen¬ 
tum.  The  stream  function  at  any  point  simply  equals  the  total  flow  of  angular 
momentum  across  any  simple  curve  connecting  this  point  to  the  north  pole,  the 
stream  function  being  positive  if  this  flow  is  downward  or  southward.  At  latitude 
P  and  elevation  2  ,  ^  is  most  conveniently  computed  as  the  flow  across  a  line 
extending  from  the  north  pole  to  latitude  p  at  sea  level,  and  then  from  sea  level 
to  elevation  2  at  latitude  p>  .  Table  7  contains  the  computed  values  of  ^  . 

Fig.  2  is  the  desired  diagram  of  the  balance  of  angular  momentum.  The 
streamlines  in  fig.  2  are  isopleths  of  ^  .  Each  line  represents  a  flow  of  200  x 
1C30  gra  cm2  sec* '  during  the  120-day  period.  Since  120  days  *  1.0368  x  107 
seconds,  each  line  nu*y  also  be  regarded  as  representing  an  average  flow  of  2  x  1025 
co  see  » 

It  seems  desirable  to  sumnarize  here  the  principal  assumptions  which  were 
made  to  obtain  this  picture  of  the  balance  of  angular  momentum.  First,  and  per¬ 
haps  most  significant,  any  flow  of  angular  momentum  due  to  mean  meridional  circu¬ 
lations  has  been  omitted.  A  rather  weak  meridional  cell  could  transport  large 
amounts  of  u>-  angular  momentum,  although  it  could  yield  no  appreciable  total  trans¬ 
port  across  any  latitude.  A  stronger  meridional  cell  could  also  transport  large 
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maxmts  of  relative  angular  araantum,  and  could  yield  a  significant  total 
transport.  Thus  the  inclusion  of  meridional  circulations  could  greatly  alter 
the  appearance  of  fig.  2. 

Next,  quantities  which  over  sufficiently  long  periods  of  time  must 
be  unimportant  have  been  omitted.  These  quantities  include  the  changes  of  <*>• 
and  relative  angular  momentum.  They  also  include  all  horizontal  and  vertical 
flow  of  w- angular  momentum,  which  in  the  long  run  could  result  only  from  mean 
seridiuual  circulations. 

Finally,  the  transport  of  relative  angular  momentum  has  been  replaced 
by  what  is  essentially  the  geostrophic  transport  of  geos  trophic  angular  momentum. 

Of  course,  other  less  drastic  assumptions  were  also  necessary.  These 
assumptions  were  described  in  the  preceding  section.  Some  of  them  will  be  dis¬ 
cussed  further  in  the  following  section. 


3.  Discussion  of  the  angular  momentum  balance 

It  need  hardly  be  mentioned  that  fig.  2  cannot  be  regarded  as  the  final 
word  concerning  the  balance  of  angular  momentum,  during  the  winter  in  the  north¬ 
ern  hemisphere.  In  the  first  place,  the  length  of  the  period  studied  was  only 
120  days.  Hus  period  seemed  to  be  sufficiently  long  to  eliminate  the  effect  of 
the  quantities  which  would  disappear  in  the  long  run,  namely,  the  changes  of  oJ- 
and  relative  angular  momentum  and  the  transport  of  oj-  angular  momentum.  How¬ 
ever,  during  a  period  of  120  days,  or  presumably  even  during  a  period  of  several 
years,  large  anomalies  may  be  expected  to  exist  in  the  transport  of  relative 
angular  momentum,  and  in  the  surface  torque.  In  the  second  place,  certain  ap¬ 
proximations  entering  the  computation  procedure  may  affect  the  diagram  as  greatly 
as  any  anomalies  which  may  be  present.  Some  of  these  approximations  will  be 
discussed  in  this  section. 

Since  fig.  2  consists  of  i.nopleths  of  the  stream  function  ^  ,  all 
features  of  the  diagram  may  be  discussed  as  features  of  the  field  of  >p  .  At 
most  points  of  the  diagram  the  computed  value  of  ^  depends  upon  computations  of 
the  transport  of  relative  angular  momentum  and  the  surface  torque,  but  at  certain 
points  some  of  these  computations  do  not  affect  the  computed  value  of  ^  . 

First,  must  be  zero  over  the  north  pole  at  all  elevations,  and  at 
the  top  of  the  atmosphere  at  all  latitudes,  because  there  can  be  no  flow  of  angular 
momentum  across  the  north  pole  from  one  latitude  to  another,  nor  across  the  top  of 
the  atmosphere.  The  vanishing  of  ^  at  these  points  is  evidently  independent  of 
any  computations.  An  obvious  result  is  that  the  stream  function  at  any  point,  say 
at  latitude  <j>  and  elevation  "Z.  ,  equals  the  total  flow,  of  angular  momentum  above 
the  point  northward  across  latitude  <f)  ,  and  also  equals  the  total  flew  of  angular 
momentum  north  of  the  point  downward  across  elevation  2  . 

Next,  the  computed  values  of  at  the  earth’s  surface  are  completely 
determined  by  the  canputations  of  the  surface  torque,  and  do  not  depend  upon  the 
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transport  of  relative  angular  momentum.  In  addition,  they  are  not  affected  fcy 
the  omission  of  mean  meridional  cells,  Tbe  general  features  of  the  momentum 
diagram  can  to  a  large  extent  be  inferred  from  the  values  of  ^  at  the  earth’s 
surface;  thus  it  is  important  to  determine  these  values  as  precisely  as  possible. 

According  to  the  computations,  at  sea  level  'f  is  negative  between  90°N 
and  48°  N,  with  a  numerical  maximum  near  56°  N;  positive  between  48°  N  and  22°  N, 
with  a  maximum  near  33°  N;  and  negative  south  of  22°  N.  The  streamlines  leaving 
the  earth  north  of  22°  N  therefore  remain  in  the  northern  hemisphere,  and  return 
to  the  earth  in  middle  latitudes,  while  those  leaving  the  earth  south  of  22^  N 
presumably  cross  the  equator  and  return  to  the  earth  in  the  middle  latitudes  of 
the  southern  hemisphere,  there  being  nowhere  else  for  them  to  go.  As  pointed 
out  in  the  final  report,  contract  W28-099  ac-406,  the  prevailing  westerlies  of 
the  southern  hemisphere  are  much  stronger  than  those  of  the  northern  hemisphere 
at  all  seasons  of  the  year,  while  the  southern  hemisphere  trade  winds  are  no 
stronger  than  those  of  the  northern  ham  spite  re.  It  is  thus  probable  that  the 
outflow  of  angular  momentum  (from  the  atmosphere  to  the  earth)  in  the  southern 
hemisphere  westerly  belt  is  not  completely  balanced  by  the  inflow  in  the  south* 
ern  hemisphere  easterlies,  and  must  be  balanced  in  part  by  the  inflow  in  the 
northern  hemisphere  easterlies,  the  latter  inflow  evidently  being  more  than 
sufficient  to  balance  the  outflow  in  the  northern  hemisphere  westerlies.  Never¬ 
theless,  it  seems  surprising  that  the  latitude  separating  the  streamlines  which 
remain  in  the  northern  hemisphere  from  those  which  cross  the  equator  should  be 
as  far  north  as  22°  N.  It  is  therefore  desirable  to  examine  more  closely  the 
assumptions  made  in  computing  the  surface  torque,  to  see  whether  any  modifica¬ 
tions  are  indicated. 

The  friction  torque  will  be  considered  first.  The  assumptions 
F  «  X  f3  Cx  (formula  (20))and  c./c.j ,  *  O.fo  were  used  in  these  computations. 

Hie  studies  by  Taylor  (1915,  1916)  which  led  to  formula  (20)  also  showed  that 

should  vary  from  0.7  for  light  winds  to  0.6  for  strong  winds,  and 
Dobson’s  study  (1914)  confirmed  this  conclusion.  Thus  one  modification  is  sug¬ 
gested.  However,  it  is  likely  that  the  computed  torques  would  not  have  been 
greatly  altered  if  the  ratio  c/  had  been  increased  some  ten  or  twenty  per 

cent  for  the  lighter  winds, 

Ota  the  other  hand,  Taylor's  studies  were  based  upon  observations  taken 
at  only  one  latitude.  Further  examination  of  Taylor's  work  suggests  the  possibil¬ 
ity  of  a  systematic  variation  of  C/c.^.  with  latitude.  Elimination  of  F,  C.^,  and 
H,  from  equations  (20),  (21),  (22),  and  (23),  which  are  due  to  Taylor,  yields 
the  relation 


.  '/i  ,  S  <*. 

5*v\  a  — -  ‘  1 
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It  seems  reasonable  to  assume  that  depends  upon  such  features  as  wind  speed, 
vertical  stability,  and  the  nature  of  the  underlying  surface,  rather  than  upon 
latitude.  If  does  not  depend  explicitly  upon  latitude,  tike  right  hand 
side  of  (24)  is  independent  of  latitude,  although  it  depends  upon  such  quanti¬ 
ties  as  wind  speed.  Thus,  for  a  given  surface  wind  speed,  the  angle  <\  ,  and 
hence  c/c^,  ,  should  vary  with  latitude. 

If  it  is  assuaed  that  C/c,^  -  ces  ~  *iv.  -  o.B 
when  f  s  50®  (approximately  the  latitude  of  Dobson’s  observations), 

the  relation  g(V  ^  Siv^  6t  ^c»s  r,  -  $>•*•  a)  a  J 

or  equivalently 

cat  OC  -  I  +  ^  ^  ,  (25) 

is  found  to  hold  very  closely.  Thus  ck  and  <-/  shew  little  variation  at  high 
latitudes,  but  <-/ c^.  falls  off  rapidly  as  the  tropics  are  entered,  as  is  shown 
in  table  8,  which  is  based  upon  equations  (25)  and  (21).  Although  these  results 
depend  upon  theory,  rather  than  observations  at  different  latitudes,  it  seems 
desirable  to  assiane  some  sort  of  variation  of  C/tj.  with  latitude  in  any  study 
involving  tropical  regions. 


Table  3.  Corresponding  values  of  <f>  ,  ,  and  c/ ,  derived  theoretically. 


<f>  Hei) 

90 

60 

50 

40 

30 

20 

10 

0 

Uet.) 

18.4 

19.3 

20.0 

21.0 

22-5 

24.7 

28.6 

45.0 

C/C*. 

0.  63 

0.61 

0.60 

0.57 

0.  54 

0.49 

0.40 

0.00 

It  is  evident  that  if  the  values  of  c/c.^.  appearing  in  Table  8, 
rather  than  the  constant  value  Cf  c.^,  =  Q.b  ,  had  been  used  in  the  computa¬ 
tions,  the  computed  friction  torque  in  the  trade  wind  region  would  have  been 
smaller,  and  the  latitude  separating  the  streamlines  remaining  in  the  northern 
hemisphere  from  those  crossing  the  equator  would  have  appeared  slightly  south 
of  22°  N. 

Whatever  the  effect  of  a  latitudinal  variation  of  c/c^  may  actually 
be,  there  is  another  phenomenon  whose  effect  at  most  latitudes  may  be  much 
greater.  The  friction  torque  is  supposedly  the  torque  resulting  from  small- 
scale  irregularities  of  the  earth’s  surface,  such  as  ocean  waves  and  vegetation. 
The  mountain  torque  represents  the  torque  resulting  from  only  the  largest  ir¬ 
regularities  of  the  earth’s  surface,  since  it  was  computed  on  the  basis  of 
pressure  values  taken  from  subjectively  smoothed  analyses  of  northern  hemisphere 
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maps,  and  the  major  mountain  ranges  were  represented  by  simplified  topographic 
profiles.  Ihus  neither  the  friction  nor  the  mountain  torque  includes  the  effect 
of  irregularities  of  intermediate  size,  i.e.,  hills  and  small  mountains,  and 
same  of  the  finer  details  of  large  mountains. 

Table  5  shows  that  at  most  latitudes  the  computed  friction  and  mountain 
torques  are  of  approximately  the  same  magnitude.  Since  both  small  and  large  ir¬ 
regularities  can  give  rise  to  appreciable  torques,  it  seems  possible  that  ir¬ 
regularities  of  intermediate  size  can  also  give  rise  to  an  appreciable  torque. 
Such  a  torque  may  conveniently  be  called  the  hill  torque. 

Table  5  also  shows  that  at  most  latitudes  the  friction  and  mountain 
torques  act  in  the  same  direction.  It  thus  seems  not  unreasonable  to  propose 
the  hypothesis  that  at  most  latitudes  the  hill  torque  acts  in  the  same  direction 

as  the  friction  and  mountain  torques,  and  is  of  the  same  order  of  magnitude. 

The  surface  torque,  previously  described  as  the  sum  of  the  friction  and  mountain 
torques,  must  now  include  the  hill  torque  also,  provided  that  the  hill  torque 
really  exists. 

If  this  hypothesis  is  true,  it  follows  that  at  most  latitudes  the  flow 

of  angular  momentum  from  the  earth  to  the  atmosphere,  whether  positive  or  nega¬ 

tive,  must  have  been  underestimated  in  magnitude  in  the  computations.  In  the 
absence  of  actual  observations  of  the  hill  torque,  it  would  be  difficult  to 
state  just  how  large  this  underestimate  might  be.  It  may  be  justifiable  to  in¬ 
crease  the  computed  surface  torques  in  middle  and  high  latitudes  by  a  factor  of 
1.5,  or  perhaps  considerably  more. 

Under  the  assumption  that  the  hill  torque  is  roughly  proportional  to 
the  friction  torque,  one  might  be  tempted  to  include  the  hill  torque  in  the 
computations  simply  by  increasing  the  value  of  X  ,  the  coefficient  of  skin 
friction,  in  formula  (20'.  A  more  intriguing  procedure,  however,  consists  of 
retaining  the  value  3*io”3  ,  and  redefining  the  surface  wind  speed  C  as 
the  speed  above  the  irregularities  giving  rise  to  the  hill  torque,  i.e.,  above 
the  hill  tops.  At  this  level  the  wind  is  supposed  to  approximate  the  geostrop- 
hic  wind.  The  assumption  that  C/Cj  s  i  o  rather  than  0.6  would  more  than 
double  the  computed  friction  torque,  and  so  might  perhaps  just  include  the 
friction  torque  and  the  hill  torque.  Of  course  this  procedure  requires  some 
refinements;  it  would  be  difficult,  for  example,  to  justify  it  in  a  region  de¬ 
void  of  hills.  The  procedure  also  cannot  be  expected  to  include  the  mountain 
torque,  since,  unlike  the  smaller  hills,  the  major  mountains  extend  to  eleva¬ 
tions  where  the  geostrophic  wind  differs  greatly  from  the  sea-level  geostrophic 
wind. 

It  seems  reasonable  to  assume  that  the  hill  torque  is  most  important 
at  those  latitudes  where  the  earth’s  surface  consists  largely  of  land  rather 
than  ocean.  The  fraction  of  the  earth’s  surface  consisting  of  land  is  high  at 
latitude  60°  N  and  50°  N,  but  this  fraction  decreases  rapidly  southward  from 
50°  N  into  the  tropics.  It  may  therefore  be  that,  relative  to  the  friction 
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torque,  the  hill  torque  is  larger  within  the  prevailing  westerly  belt  than 
within  the  trade  wind  belt.  Such  an  assumption  would  lead  to  the  conclusion 
that  the  latitude  separating  the  streamlines  which  cross  the  equator  from  those 
which  remain  in  the  northern  hemisphere  should  be  farther  south  than  the  com¬ 
puted  latitude  22°  N. 

The  following  modification  of  the  computed  stream  function  at  sea 
level  is  therefore  suggested:  As  before,  'f'  is  negative  between  90°  N  and  about 
48°  N,  with  a  numerical  nsaxiissn  near  56°  N,  but  this  numerical  maximum  is  larger 
than  before;  as  before,  ^  increases  from  zero  near  48°  N  to  a  positive  maximum 
near  33°  N,  but  the  maxinun  is  larger  than  before;  'f'  then  decreases  to  negative 
values  at  low  latitudes,  but  crosses  the  zero  point  considerably  south  of  22°  N, 
instead  of  at  22°  N,  as  previously  computed. 

It  must  be  emphasized  that  the  proposed  hypothesis  concerning  the  hill 
torque  is  a  mere  speculation;  no  measurements  of  the  hill  torque  have  been  under¬ 
taken.  No  account  has  been  taken  of  the  possibility  that  in  hilly  regions  the 
wind  at  the  anemometer  level  is  greatly  diminished,  or  altered  m  direction,  in 
which  case  the  hill  torque  might  merely  replace  the  friction  torque  instead  of 
augmenting  it.  Ihe  writer  feels,  however,  that  some  sort  of  hill  torque  exists, 
and  feels  that  the  speculations  presented  here  are  as  reasonable  as  any  other 
equally  simple  speculations  which  might  be  proposed. 

As  mentioned  previously,  the  computed  values  of  Kfr  at  sea  level  to¬ 
gether  with  the  zero  values  of  at  the  top  of  the  atmosphere,  determine  to  a 
large  extent  the  general  appearance  of  the  angular  momentum  diagram.  They  do 
not,  of  course,  determine  most  of  the  details,  which  depend  in  addition  upon 
the  computed  transport  of  relative  angular  momentum.  The  high  values  of  ^  at 
sea  level  must  decrease  toward  zero  with  elevation.  Although  there  is  no 
a  priori  necessity  for  this  decrease  to  occur  within  the  troposphere,  one  might 
reasonably  expect  a  significant  portion  of  the  decrease  to  occur  within  the  por¬ 
tion  of  the  diagram  covered  by  observations,  i.e.,  one  might  expect  a  significant 
portion  of  the  necessary. transport  of  angular  mcnvntum  to  occur  below  7.5  km.  A 
test  for  consistency  of  the  computed  transport  of  relative  angular  momentum  with 
the  computed  surface  torque  should  then  consist  of  determining  whether  ^  is  in 
general  numerically  smaller  at  7.5  km  than  at  sea  level. 

Table  7  shows  that  according  to  this  test  the  computations  are  con¬ 
sistent  with  each  other;  there  are  only  a  few  latitudes  (notably  20°  N)  where 
the  magnitude  of  the  stream  function  fails  to  decrease  with  elevation.  At  35°  N 
and  30°  N,  where  'fs  is  largest  at  sea  level,  more  than  half  of  the  necessary  de¬ 
crease  occurs  below  7.5  km. 

If  the  suggested  modification  of  the  surface  torque  is  introduced, 
while  the  computed  transport  of  relative  angular  momentum  is  unaltered,  consis¬ 
tency  still  prevails,  i.e.,  'f'  still  decreases  with  elevation  at  most  latitudes. 
Indeed,  'j'  may  now  decrease  even  at  20°  N,  if  the  zero  point  of  f'  at  sea  level 
is  displaced  south  of  20°  N.  At  35°  N  and  30°  N,  somewhat  less  than  half  of  the 
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decrease  of  'f'  ,  i.e. ,  somewhat  leas  than  half  of  the  transport  of  relative 
angular  momentum,  may  now  occur  below  7.5  km.  This  modification  is  probably 
desirable,  since  there  seems  to  be  evidence  that  large  transports  of  relative 
angular  momentum  may  occur  in  the  vicinity  of  the  jet  stream,  near  the  tropo- 
pause  (Starr  1951,  Starr  and  White  1951,  Mintz  1951,  see  also  Report  no.  5  of 
this  project.) 

It  may  be  concluded  that  the  computed  surface  torque  and  the  computed 
transport  of  relative  angular  momentum  combine  to  form  a  picture  of  the  angular 
momentum  balance  of  the  northern  hemisphere,  which  by  and  large  is  reasonable. 

A  few  features  which  seem  perhaps  unreasonable  may  be  eliminated  by  introducing 
the  suggested  modification  of  the  surface  torque.  The  presence  of  the  surface 
torque  necessitates  a  horizontal  transport  of  angular  mcrsentias,  and  this 
necessary  transport  is  closely  approximated  by  the  computed  horizontal  trans¬ 
port  of  relative  angular  momentum,  together  with  the  transport  of  relative 
angular  momentum  above  the  level  of  computations  which  can  be  expected  to 
accompany  the  computed  transport. 


PART  III.  THE  TRANSPORT  OF  SENSIBLE  HEAT 
DURING  TOE  WINTER  OF  1945-46 

In  Report  no.  3  of  this  project,  values  were  presented  for  the  north¬ 
ward  flow  of  sensible  heat  (enthalpy)  during  the  winter  of  1945-46.  At  a  some¬ 
what  later  date  the  ideal  computation  procedure  described  in  part  I  was  de¬ 
veloped,  Theoretically  the  ideal  procedure  and  the  procedure  actually  used 
should  have  yielded  identical  results,  but  a  check  revealed  occasional  large 
discrepancies  and  frequent  small  ones.  It  soon  became  evident  that  the  dis¬ 
crepancies  arose  from  a  rounding-off  process  involved  in  the  former  procedure; 
in  the  ideal  procedure  such  rounding  off  is  unnecessary.  Since  the  ideal  pro¬ 
cedure  is  relatively  simple  to  use,  it  was  decided  to  use  it  to  recompute  the 
transport  of  heat.  The  newly  computed  values  may  conveniently  be  presented  at 
this  time. 

The  transport  of  heat  within  the  layers  1013  mb  to  700  mb,  and  700  mb 
to  500  mb,  was  computed.  The  data  were  the  same  as  those  used  in  computing  the 
balance  of  angular  momentum.  As  was  the  case  when  the  transport  of  relative 
angular  momentum  was  computed,  a  slight  modification  of  the  ideal  procedure  was 
necessary,  since  the  available  data  included  sea-level  pressures  rather  than 
1013-mb  heights.  The  simple  assumption  that  a  one-millibar  difference  in  sea- 
level  pressure  is  equivalent  to  a  27.5-foot  difference  in  1013-mb  height  was 
introduced.  The  value  of  p  at  sea  level  then  replaced  the  value  of  ^  at  1013 
mb  in  the  ideal  computation  procedure,  and  the  factor  27.5  was  introduced  at  the 
end  of  the  computations,  along  with  the  other  necessary  conversion  factors. 
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Such  a  procedure  probably  affords  &  fair  estimate  of  the  transport  of 
heat  between  1013  rib  and  700  mb,  but  it  does  not  take  into  account  the  transport 
within  the  layer  of  variable,  and  scree  times  negative,  thickness  between  sea 
level  and  1013  mb.  As  pointed  out  in  fleport  no.  3,  there  is  some  reason  for  be* 
lieving  that  the  omission  of  this  term  is  not  too  serious. 

Like  the  previous  computations  of  sensible  heat,  the  present  computa¬ 
tions  were  performed  for  the  most  part  by  the  Center  of  Analysis,  M.I.T. ,  by 
means  of  punched -card  machines.  The  computed  values  are  presented  in  table  9. 

In  this  table,  one  unit  equals  10i9  calories.  For  the  four-month  period,  owe 
unit  may  also  be  regarded  as  representing  an  average  flow  of  10* 2  calories 
per  second. 


Table  9.  Transport  of  sensible  hest  daring  the  sinter  of  1945-46 


Transport  of  sensible  best  across  latitude  f 
within  specified  layer,  1  unit  *  10* *  calories 


Nov  1945  Dec  1945  Jan  1946*  Fab  1946 


*  5  days  musing 

*  January  wissing 


- 

0 

11 

27 

15 

89 

45 

43 

196 

53 

37 

179 

28 

20 

96 

» 

10 

-1 

75 

58 

217 

168 

165 

629 

130 

173 

608 
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A  hemispherical  study  of  the  atmospheric  angular- 
momentum  balance 
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Soau»y 

A»  attempt  i*  made  to  detenaioa  the  tnerkliofttl  eddy  transport  of  angular  momentum  for  the 
northern  hemisphere  in  the  vicinity  of  30°N.  latitude  from  upper-wind  observations  for  a  period 
of  six  months.  Two  somewhat  different  methods  of  evaluation  give  essentially  comparable  results 
and  indicate  the  presence  of  eddy  transports  which  are  ample  to  compensate  for  frictional  losses  of 
angular  momentum  farther  north.  No  indications  of  the  presence  of  a  mean  meridional  circulation 
of  the  strength  and  character  needed  to  produce  a  sensible  northward  transport  of  angular  momentum 
are  found. 


1.  Introduction 

In  a  previous  communication  the  first  author  of  the  present  paper  (Starr  1951) 
reported  the  results  of  a  preliminary  study  of  the  eddy  transport  of  angular  momen¬ 
tum  across  various  latitude  circles,  evaluated  from  upper-wind  data  over  the  North 
American  sector  of  the  northern  hemisphere  for  the  month  of  February  1949.  As 
was  therein  pointed  out,  the  subject  is  of  such  basic  importance  for  the  systematic 
investigation  of  the  processes  of  the  general  circulation  that  no  effort  should  be 
spared  to  explore  further  the  mechanisms  which  may  be  operative  in  the  atmosphere 
to  effect  the  needed  transfer  of  angular  momentum.  Accordingly,  a  second  provis¬ 
ional  investigation  of  greater  scope  in  certain  respects  was  entered  upon  and  is 
presented  below. 

The  pilot  study  already  mentioned  is  deficient  in  many  important  respects. 
Although  the  lack  of  proper  observations  is  one  of  the  most  serious  limiting  factors 
in  any  endeavour  to  eliminate  these  deficiencies,  it  appears  that  by  concentrating 
attention  on  the  zonal  belt  in  the  vicinity  of  30°N.  latitude  existing  data  permit 
rough  extensions  in  the  following  directions  :  (a)  Although  the  network  of  radio 
wind-stations  becomes  sparse,  the  inclusion  of  relatively  few  pilot-balloon  stations 
makes  it  possible  to  work  with  a  latitude  zone  completely  encircling  the  earth, 
(b)  The  limitation  to  a  single  latitude  zone  makes  possible  the  evaluation  of  data 
over  a  much  longer  period  of  time  without  a  proportional  increase  in  the  labour 
involved.  It  was  thus  practical  to  deal  with  mean  conditions  over  a  period  of  six 
months,  (c)  The  consideration  of  a  complete  latitude  belt  renders  it  possible  to 
examine  -he  data  in  regard  to  direct  indications  concerning  the  nature  of  mean 
meridional  circulations,  (d)  With  relatively  large  amounts  of  data  it  was  found 
desirable  to  apply  statistical  tests  of  significance  to  the  results.  Such  tests  probably 
do  not  furnish  infallible  criteria  of  the  soundness  of  conclusions,  but  nevertheless 
may  be  considered  as  supporting  evidence  in  those  cases  where  they  are  fulfilled. 
They  may  thus  be  looked  upon  more  as  giving  necessary  rather  than  sufficient 
conditions  for  acceptance  of  results. 
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The  latitude  zone  in  the  vicinity  of  30"N.  is  of  special  interest  for  studies  of  the 
angular-momentum  balance  of  the  atmosphere.  Since  this  zone  is  roughly  the 
dividing  line  between  the  surface  westerlies  to  the  north  and  surface  easterlies 
to  the  south,  tire  largest  meridional  transports  of  angular  momentum  in  the  northern 
hemisphere  should  be  found  here,  on  the  average. 


2.  Observational  material 

The  string  of  16  key  stations  used  for  the  study  is  listed  in  Table  I,  Since 
reports  were  often  missing  from  the  key  stations,  it  was  decided  that  alternative  stations 
in  the  vicinity  of  certain  of  the  key  stations  should  be  used  in  order  to  increase 
the  amount  of  observational  material.  These  alternative  stations  are  entered  in 
italics  below  the  key  stations  in  the  tabic. 


TABLE  I,  List  or 

KEY  STATIONS  (NUMBERED) 

AND  ALTERNATE  STATIONS  (iTAUCs)  USED  IN  STUDY 

Station 

Latitude*  (N.) 

longitude 

Altitude 

(ft) 

Type 

1. 

Qrendi 

35®  50' 

14”  27' E- 

442 

radio  wind 

2. 

Bahrein 

26  16 

50  38  E. 

1 

»« 

3. 

Hyderabad 

25  23 

68  25  E. 

95 

pilot  balloon 

Fort  Sandeman 

31  21 

69  27  K. 

46U 

Peshawar 

34  01 

71  35  E. 

1165 

t  7 

Amkala 

30  23 

76  46  E. 

892 

77 

Bikaner 

28  00 

73  18  E. 

73i 

17 

Juhdpur 

26  18 

73  01  E. 

735 

Ahtnedabad 

23  02 

72  35  R. 

164 

4. 

Dibfugarh 

27  28 

95  55  E. 

384 

8* 

Tezpur 

26  37 

92  47  E. 

259 

•  » 

Coach  Bihar 

26  20 

69  27  E. 

157 

Asansol 

23  41 

86  59  E. 

413 

77 

Gaya 

24  45 

84  57  E. 

364 

1* 

Calcutta 

22  32 

88  20  E. 

20 

7» 

Gorakhpur 

26  43 

83  22  E. 

253 

77 

5. 

Tokyo 

35  33 

139  46  E. 

37 

radio  wind 

Kagoshima 

31  34 

130  33  E. 

18 

»* 

Itazuke 

33  33 

130  27  E. 

20 

(1 

6. 

Midway 

28  13 

177  21  W. 

0 

•  7 

7. 

Honolulu 

21  20 

157  55  W. 

15 

7* 

8. 

Weather  Ship  (a) 

30  00 

140  00  W. 

0 

»» 

9- 

Santa  Maria 

34  56 

12  5  W. 

238 

t* 

10. 

Big  Spring 

32  14 

101  30  W. 

2537 

*7 

El  Paso 

31  48 

106  24  W. 

3916 

77 

11. 

New  Orleans 

30  00 

90  16  W. 

30 

Lake  Charles 

30  13 

93  09  W, 

32 

12. 

Miami 

25  49 

80  17  W. 

12 

Tampa 

27  58 

82  32  W. 

11 

13. 

Kindley  Field 

32  22 

64  40  W. 

16 

14. 

Weather  Ship  (b) 

35  00 

40  00  W. 

0 

Weather  Ship  (c) 

34  00 

52  00  W. 

0 

77 

15. 

Lagens 

38  45 

27  0$  W. 

171 

1&. 

North  Front 

36  09 

05  21  W 

26 

»l 

*  Average  latitude  of  key  station*  31* 
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Wind  reports  for  the  levels  2, 6, 10, 14, 20, 25, 30, 35. 40, 45,  and  50  thousand  ft 
were  taken  from  the  data  tabulations  of  the  Daily  Series  Synoptic  Weather  Maps 
prepared  by  the  U.S.  Weather  Bureau,  in  cooperation  with  the  Army,  Navy  and  Air 
Force  for  the  period  from  1  Feb.  1949  to  31  July  1949  for  the  hour  0300  gmt  for  each 
day.  The  frequency  of  available  observations  at  the  various  levels  is  given  in  Table  II. 


TABLE  U.  Percentage  of  total  observations  which  are  available  by  station  at  each  level 


Elevation  in  thousand*  of  ft 


Station 

2 

6 

10 

14 

20 

25 

30 

35 

40 

45 

50 

Qrendi 

3*4 

3*7 

32 

3*7 

3-2 

3-* 

4-3 

1-5 

2*2 

1-2 

1.6 

Bahrein 

4*1 

4-2 

36 

4*1 

3-6 

3-5 

4-4 

0? 

54 

0-6 

7-6 

Hyderabad 

8-0 

00 

7-7 

04) 

7-3 

4*8 

2*2 

0-2 

<H> 

0-0 

0.0 

Dibiugarh 

8-0 

(M> 

6  7 

o-o 

3-4 

2-2 

1*2 

0-0 

0-0 

0*0 

0« 

Tokyo 

H-2 

8*7 

7*S 

9-2 

*•7 

9-9 

10-9 

13*1 

11*4 

13-0 

lo-a 

Midway 

6*2 

5-$ 

4*3 

5*1 

4-3 

3*8 

3*8 

4*7 

3*9 

4*8 

4-7 

Honolulu 

7-4 

3* 

741 

8-6 

7-8 

8  1 

8*7 

11-0 

10-5 

12*6 

13-2 

Weather  Ship  (a) 

7-1 

7*3 

$-3 

7-4 

6-3 

6-7 

6*7 

7*3 

6*2 

M 

6-3 

Santa  Maria 

6-2 

8-9 

:■* 

9*5 

8.7 

96 

9-9 

12-4 

133 

15  2 

16-3 

Big  Spring 

0-0 

8*9 

7-7 

9-4 

<■2 

8*8 

8-5 

9-9 

9*9 

11.2 

10.6 

New  Orleans 

8-0 

8*9 

7-6 

9-0 

82 

8-1 

7-8 

9-4 

8*4 

7-8 

3-8 

Miami 

8*3 

9-0 

7-9 

*4 

*■6 

9-5 

9*7 

12-3 

11-9 

131 

n.a 

Kindley  Field 

6*1 

6-4 

3-6 

4-5 

3-8 

2*8 

2*3 

1*7 

1-0 

0*9 

0.3 

Weather  Ship  (b) 

5  8 

7-0 

6-2 

7*4 

6-6 

6-8 

7*2 

8-9 

S-7 

7-8 

7.6 

Lagens 

6*1 

6-6 

56 

6-5 

5-7 

5-7 

56 

3-9 

4-0 

3-6 

1.0 

North  Front 

3-0 

6-3 

3-3 

6*4 

5-3 

6*1 

7-1 

1-1 

3*1 

12 

3.4 

Surface  winds  were  excluded  from  the  study,  since  they  can  be  too  easily  rendered 
unrepresentative  by  local  orographic  influences.  No  attempt  was  made  to  correct 
or  exclude  any  original  data  where  doubtful  even  though  in  some  cases  such  pro¬ 
cedures  might  have  improved  the  results.  This  course  was  followed  in  order  to 
maintain  objectivity  in  the  computations.  Each  wind  observation  was  resolved 
into  the  eastward  component  u  and  northward  component  v,  tabulated  in  m  sec-1. 
From  these  quantities  the  transports  of  angular  momentum  were  computed  by 
methods  discussed  presently. 

3.  General  considerations 

The  total  meridional  transport  of  absolute  angular  momentum  across  a  latitude 
circle  may  be  thought  of  as  the  sum  of  the  transport  of  relative  angular  momentum 
and  the  transport  of  angular  momentum  due  to  the  earth's  rotation.  Since  there 
is  no  net  meridional  transport  of  mass  in  the  atmosphere  in  the  long  run,  the  trans¬ 
ports  of  angular  momentum  must  be  brought  about  by  exchange  processes. 
Furthermore,  since  the  angular  momentum  due  to  the  earth's  rotation  per  unit 
mass  is  essentially  constant  with  respect  to  elevation  in  the  atmosphere  at  a  given 
latitude,  the  net  effect  of  all  exchange  processes  must  be  negligible  as  far  as  this 
component  is  concerned.  It  therefore  follows  that  we  may  omit  this  contribution 
and  deal  only  with  the  transport  of  relative  angular  momentum. 
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Also,  owing  to  the  fact  that  the  distance  from  the  earth's  axis  varies  percentuaUy 
only  very  slightly  with  elevation  in  the  atmosphere  at  the  given  latitude,  the  transport 
of  relative  angular  momentum  is  given  by  the  transport  of  relative  linear  momentum 
except  for  a  constant  factor.  For  these  reasons  the  transport  of  relative  linear 
momentum  will  be  considered  first. 

The  total  transport  of  relative  linear  momentum  r  across  a  given  complete 
latitude  circle  at  a  given  level  over  a  time  interval  i,  may  be  expressed  as 

t  —  j  *  (j;  puvdxdt~ p*  j  '  <j>  uvdxdt  —  .  .  (1) 

where  p  is  the  density,  p*  is  an  appropriate  average  density,  dx  is  an  element  of 
linear  distance  and  the  square  brackets  denote  a  space  average  over  the  length  L 
of  a  complete  latitude  circle  and  the  bar  denotes  a  time  average  over  the  interval  t,. 
In  (1)  the  assumption  is  made  that  at  a  constant  level  the  effects  of  density  variations 
may  be  neglected.  The  feasibility  of  making  this  assumption  is  considered  in  a 
subsequent  section.  The  quantities  u,  v  may  be  separated  into  the  mean  motion 

[u]  »  M  and  the  deviations  from  the  means  u\  v  so  that 

u  —  [«]+«';  v  —  w  +  if  .  .  .  (2) 

in  which  the  square  brackets  again  denote  instantaneous  space  averages.  It  follows 
that 

M  -  [«]  !>]  +  [«V]  .  .  .  (3) 

If  Eq.  (3)  is  integrated  over  the  given  time  interval  t„  and  averaged,  one  obtains 

[uv]  =  [u]  [v]  +  [«V]  .  .  .  (4) 

where  the  bars  again  denote  time  averages.  In  a  manner  analogous  to  that  used 
in  writing  (2)  it  is  possible  to  write  expressions  for  [u],  [v]  of  the  form 

[u]  =  [uj  +  [u]'  ;  [v]  =  [v]  +  [v]'  .  .  (5) 

where  [u]',  [v]'  denote  deviations  of  the  space  means  from  the  space -time  averages. 

It  follows  from  (1),  (4)  and  (5)  that 

—  [Ul’j  -  M  H  +  M'  M'  4-  [uV]  .  .  (6) 

since  the  quantities  [u]\  [v]'  vanish. 

Within  the  limits  set  by  the  assumption  concerning  the  horizontal  uniformity 
and  constancy  of  the  density,  Eq.  (6)  may  be  given  a  simple  interpretation.  Since 

[v]  is  a  measure  of  the  net  meridional  flow  of  air  during  the  given  time  interval,  the 
first  term  on  the  right  measures  the  contribution  of  the  mean  meridional  circulation 
to  the  momentum  transport.  This  will  be  called  the  transport  of  the  first  species. 
Such  net  air  flow  over  any  extended  period  generally  implies  a  return  flow  at  some 
other  level  although  the  effects  of  net  meridional  mass  shifts  are  also  included  in  the 
transport  of  this  type. 

Since  [v]  is  the  instantaneous  meridional  circulation  (which  may  or  may  not 
be  compensated  for  at  other  levels),  it  is  possible  that  the  temporal  fluctuations  of  [t>] 
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are  correlated  with  [u]  and  thus  produce  a  contribution  to  the  transport.  This  may 
happen  even  if  [vj  is  zero,  i.e.,  if  the  instantaneous  meridional  circulation  is  merely 
an  oscillation  producing  no  net  transport  of  air  during  the  interval  f,.  This  action  is 
represented  by  the  second  term  on  the  right,  and  may  be  considered  as  a  certain 
type  of  eddy  transport.  This  will  be  called  the  transport  of  the  second  species.  For 
more  or  Iras  obvious  reasons  it  would  be  of  considerable  interest  to  know  whether 
this  process  is  of  importance  in  the  atmosphere. 

Finally,  since  [uV]  is  dependent  on  the  instantaneous  spatial  correlation  of 
u  and  v  along  the  length  of  the  latitude  circle,  the  last  term  gives  the  eddy  transport 
due  to  horizontal-exchange  processes  during  the  interval  tL.  This  may  be  named 
the  transport  of  the  third  species. 

In  order  to  ascertain  the  relative  importance  of  the  three  terms,  one  may  note 
that  the  first,  [ti]  [v],  is,  at  least  in  principle,  obtainable  directly  from  observed 
values  of  u  and  v.  The  second  [u]'  [v]'  is  obtainable  from  (4)  and  (6)  being  equal 
to  [u]  [t>]  —  [u]  [t/].  The  third  is  given  by  (4)  directly  as  [ux/]  —  [u]  [t>].  Thus 
the  basic  quantities  to  be  computed  are  [u],  [uj,  [u]  [v]  and  [tiv]. 


4.  Computation  of  transports 


As  an  approximation  the  instantaneous  space  averages  [u],  [u],  [ui>]  were  taken 
to  be  the  arithmetic  means  of  the  values  for  the  several  stations  reporting  at  a  given 
level  on  ?.  given  day.  Days  on  which  only  one  station  reported  an  observation 
were  excluded.  The  maximum  number  of  observations  on  a  given  date  at  a  given 
level  was  sixteen,  this  being  the  total  number  of  observation  points. 

The  time  means  represented  by  the  basic  quantities  [u],  [vj,  [u]  [u]  and  [uv] 
were  then  formed  by  taking  the  arithmetic  means  of  the  daily  quantities  for  the  number 
n  of  days  for  which  data  were  present.  The  results  are  tabulated  in  columns  1 
to  9  in  Table  III. 

In  order  to  secure  some  measure  of  statistical  reliability  of  the  time  averages, 
confidence  limits  were  calculated  and  are  included  for  various  quantities  in  the  body 
of  the  table.  These  limits  are  defined  as  twice  the  standard  error  and  indicate 
approximately  the  95  per  cent,  confidence  level.  The  form’d  a  used  is 


°y 


(7) 


where  Oy  is  the  standard  error  of  the  mean  of  any  quantity  y,  o(y)  is  the  sample 
standard  deviation  of  y  and  n  is  the  number  of  cases  in  the  sample  (number 
of  days). 

The  space-time  means  [u],  [u],  [uv]  represent  averages  over  the  number  of 
days  involved  in  each  case  of  the  daily  space  averages,  [u],  [v],  [uv]  respectively,  as 
has  already  been  explained.  As  such  these  space-time  averages  are  formed  by  an 
equal  weighting  of  the  daily  values.  Owing  to  the  fact  that  the  daily  values  [ti], 
[v],  [uv]  are  based  upon  a  number  of  observations  which  may  vary  from.  2  to  16, 
the  equal  weighting  introduces  a  certain  amount  of  artificiality  in  the  procedure. 
It  is  therefore  of  interest  to  compare  the  results  already  mentioned  with  the  results 
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TABLE  III.  Numerical  analysis  of  data.  The  levels  am  given  in  thousands  of  ft.  All  velocities  are  in  m  sec 
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of  another  method  of  estimating  the  space- time  averages  which  is  free  from  the  par¬ 
ticular  objection  mentioned  but  which  may  contain  artificialities  of  a  different 
nature.  The  alternative  procedure  used  consists  of  summing  all  the  individual 
observations  at  a  given  level  for  the  entire  six-month  period  and  dividing  this  sum 
Sy  the  total  number  of  observations  N  (column  15).  The  space-time  averages 
so  computed  are  indicated  in  Table  HI  by  curly  brackets,  e.g,,  {u}.  Thus 
the  quantities  in  columns  10,  11,  12,  are  to  be  compared  with  columns  2,  3,  4 
respectively.* 

According  to  Eq.  (6)  the  quantity  [uu]  —  [u]  [v]  gives  the  sum  of  the  transports 
of  the  second  and  third  species,  i.e.,  the  sum  of  the  quantities  in  columns  7  and  H 
in  the  table.  The  analogous  transport  {uv}  —  {u}  {v}  evaluated  by  the  alternative 
method  is  given  in  column  13.  It  is  to  be  noted  that  the  two  methods  of  evaluating 
the  space-time  averages  would  become  identical  in  those  cases  where  the  number 
of  individual  observations  is  the  same  from  day  to  day  (a  circumstance  not  present 
in  the  data  used). 

According  to  the  definitions  of  the  quantities  involved,  it  follows  that 

{tit;}  —  {u}  {«}  =>  r(u,  v)  •  o{u)  ■  a(v)  .  .  .  (8) 

where  ifu,  t>)  is  the  coefficient  of  linear  correlation  between  u  and  v,  and  o(u),  oft/) 
denote  the  standard  deviations  of  these  wind  components.  Eq.  (8)  may  be  used 
to  determine  r  for  the  N  observations.  For  the  sake  of  general  interest  the  several 
values  of  r  are  listed  in  column  14  of  Table  III. 

Vertical  integrals  of  various  quantities  weighted  by  the  density  are  given  at 
the  foot  of  the  table.  These  were  computed  as  follows  :  giving  the  hydrostatic 
relation  we  may  write  that 

f ^fOdz^-U^Odp  ....  (9) 

J*.  8  Jpx 

where  z  is  height,  g  is  the  (constant)  acceleration  of  gravity,  p  is  pressure.  The 
right-hand  side  of  (9)  was  evaluated  by  numerical  integration  using  the  standard- 
atmosphere  pressures  corresponding  to  the  several  levels  used .  The  effect  of  this  use 
of  the  standard  atmosphere  is  to  make  p*  in  Eq.  (1)  equal  to  the  standard- 
atmosphere  density.  Following  a  method  due  to  Priestley  (1949)  the  integrals 
obtained  give  the  transports  per  unit  length  of  the  latitude  circle  from  2,000  ft 
to  50,000  ft. 


5.  Discussion  of  numerical  results 

The  results  obtained  contain  a  number  of  points  which  are  of  first  concern 
in  studies  of  the  general  circulation.  Among  these  are  the  following  : 

(a)  Upon  comparison  of  the  transports  of  the  third  species  given  in  column  8 
of  Table  III  with  columns  6  and  7,  the  figures  obtained  show  about  one  order  of 
magnitude  difference.  Moreover,  the  figures  for  the  third  species  are  all  positive 
with  confidence  limits  which  in  every  instance  exclude  zero  by  a  substantial  margin. 

•  This  alternative  method  is  the  one  used  previously  in  the  North  American  pilot  study.  In  view  of  the  fact  that  in 
the  pikt  study  only  a  segment  of  a  latitude  circle  was  sampled  it  was  not  feasible  to  make  a  distinction  between  the  transport 
of  the  second  and  third  species. 
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The  figures  for  the  other  two  species  on  the  other  hand  suggest  that  their  contri¬ 
bution  is  sufficiently  small  so  that  the  analysis  cannot  give  reliable  estimates  (or 
perhaps  even  give  the -correct  sign).  It  is  thus  strongly  suggested  that  horizontal- 
exchange  processes  are  the  dominant  mechanism  for  the  poleward  transport  of 
momentum  from  the  easterlies  to  the  westerlies. 

(b)  The  sums  of  the  items  in  column  7  with  those  in  column  8  are  roughly 
comparable  to  column  13  showing  that  somewhat  different  computing  methods 
give  essentially  the  same  results.  The  same  applies  to  columns  5  and  12  except 
perhaps  at  50,000  ft.  Since  the  transports  of  the  third  species  appear  to  be  dominant, 
the  values  in  columns  5,  8, 12, 13,  should  all  be  comparable,  which  is  roughly  the  case. 

(c)  The  transports  of  the  third  species  increase  with  altitude,  showing  a  prob¬ 
ably  spurious  irregularity  at  40,000  ft,  then  decrease  at  50,000  ft.  The  general 
shape  of  the  profile  is  similar  to  that  obtained  by  Starr  (1951)  from  North  American 
data  for  35*N.  latitude  during  winter.  It  is  possible  that  a  seasonal  vertical  shift 
in  the  level  of  maximum  transport  exists.  In  that  case  the  present  data  approximate 
a  mean  from  winter  to  summer.  Individual  monthly  values  are  not  included,  since 
their  reliability  was  not  deemed  sufficient  to  warrant  their  detailed  study.  It  may 
however  be  noted  that  of  the  66  of  such  monthly  values  calculated  64  were  positive 
in  sign,  one  was  zero  and  one  was  negative  (May,  at  50,000  fit). 

(d)  Although  many  questions  arise,  as  discussed  in  a  subsequent  section, 
the  figures  for  p]  in  column  3  would  seem  to  show  that  such  mean  meridional 
circulations  as  may  be  present  are  so  small  that  the  analysis  lacks  sufficient  statistical 
resolving  power  to  detect  them.  The  values  themselves  are  remarkably  small, 
being  in  most  cases  not  statistically  different  from  zero.  The  possible  exceptions 
are  the  small  positive  values  at  low  levels  downward  from  20,000  ft  where  the 
necessary  condition  set  by  the  confidence  limits  borders  on  fulfilment  but  is  sur¬ 
passed  only  at  6,000  fit.  For  reference  later  the  values  of  pTj  calculated  for  the  colder 
months,  Feb.,  Mar.  and  Apr.  taken  together,  become  larger  and  fulfil  the  confidence 
limits  (i.e.,  zero  is  excluded)  for  the  6,000,  10,000,  and  14,000  ft  levels.  Further¬ 
more,  it  is  worthy  of  note  that  although  the  analogous  quantity  (u)  given  in  column 
11  generally  has  still  smaller  (numerical)  values  except  at  50,000  ft,  at  lower  levels 
the  values  are  again  consistently  positive,  being  in  closer  agreement  with  [uj  than 
elsewhere. 

(e)  The  vertical  integrals  at  the  foot  of  the  table  reflect  what  has  been  said 
concerning  the  values  for  the  individual  levels.  Thus  the  integral  for  the  transport 
of  the  third  species  in  column  8  far  overshadows  the  integrals  for  the  first  and 
second  species  in  columns  6  and  7,  making  it  about  equai  to  the  integral  for  the  total 
in  column  5.  The  alternative  method  gives  integrals  (columns  12  and  13)  which  are 
comparable  to  those  for  the  first  method.  If  the  value  of  the  integral  for  column 
8  is  multiplied  by  the  length  of  the  latitude  circle  and  by  the  distance  from  the  earth’s 
axis  at  3TN.  latitude  so  as  to  obtain  the  transport  of  angular  momentum,  one 
obtains  26  x  1025  cgs  units  for  this  quantity.  An  estimate  for  the  polar  cap  north 
of  3TN.  of  the  normal  average  drain  of  angular  momentum  due  to  surface  effects 
for  the  six-month  period  made  by  Widger  (1949)  and  White  (1949)  is  15  X  102S  cgs 
units.  As  noted  by  Starr  (1951)  these  determinations  of  surface  torques  probably 
represent  a  substantial  underestimate. 
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6.  CrITICAJ,  REMARKS 

The  computations  outlined  above  involve  many  questions  as  to  the  validity 
of  the  procedures  used.  The  more  important  of  these  are  the  following, 

(a)  The  location  of  the  observation  points  might  be  biased  so  as  to  sample 
unduly  conditions  to  the  east  or  to  the  west  of  troughs  (or  ridges)  in  the  streamline 
patterns.  If  this  effect  were  marked,  the  expectation  would  be  that  the  net  meridional 
velocities  [v]  and  {v}  should  be  large.  These  quantities  on  the  whole  turn  out  to 
be  surprisingly  small,  suggesting  a  rather  random  sampling  with  respect  to  the 
troughs  and  ridges.  The  extension  of  the  averaging  over  changing  seasonal  patterns 
doubtless  aids  in  the  achievement  of  such  desired  randomness. 

(b)  The  geographic  sampling  with  respect  to  longitude  leaves  much  to  be 
desired  especially  over  southern  Asia  and  the  Pacific.  Little  can  be  done  about 
this  deficiency  since  only  a  few  stations  are  available.  However,  the  effects  of 
sparse  data  become  most  marked  only  at  the  higher  levels  as  shown  in  Table  II. 

(c)  The  variations  in  latitude  of  the  stations  introduce  an  undesirable  element. 
This  is  especially  true  of  Honolulu  and  Lagens.  The  seriousness  of  this  factor  cannot 
be  immediately  appraised  except  to  say  that  the  results  should  perhaps  be  looked 
upon  as  an  average  over  a  small  belt  of  latitude  as  well  as  over  longitude  and  time. 

(d)  The  radio  wind  soundings  are  more  likely  to  reach  high  elevations  under 
relatively  light-wind  conditions.  This  effect  is  perhaps  more  marked  than  is  commonly 
realized,  as  pointed  out  by  Lorenz  (1950).  Evidence  of  the  presence  of  this 
factor  is  found  in  that  the  several  values  of  [u]  are  consistently  higher  than  the 
corresponding  values  of  {u}  except  at  2,000  and  6,000  ft.  This  is  to  be  explained 
by  noting  that  evidently  those  days  on  which  the  upper  westerlies  were  strong 
gave  relatively  few  soundings  penetrating  to  high  levels.  In  calculating  [uj  such 
days  were  given  the  same  weighting  as  other  days.  On  the  other  hand,  in  calculating 
{u}  the  individual  soundings  were  weighted  equally,  so  that  the  effects  of  the  few 
soundings  showing  abnormally  high  winds  were  minimized.  The  presence  of 
of  this  type  of  selectivity  probably  brings  about  an  underestimate  of  the  momentum 
transports.  Probably  the  slightly  smaller  transports  secured  by  the  second  method 
are  likewise  a  reflection  of  this  factor. 

The  use  of  the  two  pilot-balloon  observing  points  in  southern  Asia  probably 
increases  the  selectivity  effects,  since  these  soundings  are  even  more  subject  to  such 
shortcomings. 

_  (e)  The  values  of  [v]  and  {z>}  may  not  actually  represent  a  mass  flux,  i.e., 
[?vj  and  might  be  substantially  zero  even  though  the  former  quantities  have 
non-zero  values.  This  can  happen  only  if  p  and  v  are  properly  correlated.  Such 
correlations  seem  to  exist  actually,  although  from  order-of-magnitude  considerations 
it  would  be  difficult  to  interpret  the  high  values  of  [i]  and  {v}  at  the  6,000  ft  level 
as  representing  a  volume  but  not  a  mass  transport.  On  the  other  hand,  these 
particular  values  may  be  over-estimates  since  reports  from  the  two  pilot-balloon 
stations  in  southern  Asia  were  not  available  for  this  level,  as  indicated  in  Table 
II.  That  a  contribution  to  [v]  and  {v}  might  be  present  from  a  density  correlation 
is  rendered  more  plausible  by  the  fact  that  these  velocities  were  more  definitely 
positive  and  larger  in  magnitude  below  20,000  ft  during  the  colder  months  Feb., 
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Mar*  and  Apr.,  as  mentioned  earlier.  It  is  during  these  months  that  differential 
advection  effects  might  be  expected  to  be  more  intense. 

(f)  As  indicated  earlier  a  constant  standard -atmosphere  density  was  used 
as  an  approximation  in  Eq.  (1).  In  order  to  secure  a  measure  of  the  error  thus 
introduced,  a  limited  study  was  made  over  the  North  American  sector  in  the  vicinity 
of  35*  N.  latitude  at  the  20,000  ft  level  for  Feb.  1949.  Over  this  region  thermody 
namic  soundings  were  available  for  each  wind  observation  used  so  that  the  eddy 
transport  could  be  evaluated  both  with  and  without  the  approximation  mentioned, 
on  otherwise  identical  data.  It  was  found  that  the  difference  amounted  to  about 
one  per  cent.  Further  checks  at  other  levels  should  be  made  concerning  this  point. 

(g)  It  may  seem  paradoxical  that  although  the  confidence  limits  are  poorly 
satisfied  by  the  items  [ui>]  and  [u]  [t>j  in  Table  III,  they  are  very  well  satisfied  by  the 
differences  of  these  quantities  [uVJ  in  column  8.  This  can  happen  only  if  the  daily 
values  of  [u»]  and  [a]  jv]  are  correlated,  which  evidently  is  the  case,  thus  perhaps 
implying  a  compensation  of  errors  when  the  difference  is  taken. 

(h)  The  contributions  to  the  transport  due  to  the  residual  mass  of  the  atmos¬ 
phere  above  50,000  and  below  2,000  ft  have  not  been  evaluated.  Doubtless  the 
contribution  from  the  layer  below  2,000  ft  is  small  on  the  basis  of  the  fact  that  the 
wind  velocities  become  smaller  here.  The  situation  above  50,000  ft  needs  more 
study.  With  existing  data  some  indications  may  be  obtained  up  to,  let  us  say, 
60,000  ft  although  a  much  longer  period  of  time  is  necessary  to  secure  statistical 
reliability.  It  would  nevertheless  appear  from  casual  examination  of  higher-level 
data  that  the  eddy  transports  continue  to  decrease  above  the  jet-stream  level. 

(i)  The  six-month  period  examined  represents  conditions  during  a  period 
of  warming  of  the  northern  hemisphere,  i.e.,  conditions  from  winter  to  summer. 
Some  reservation  must  be  made  concerning  various  details  as  to  their  representative¬ 
ness  for  longer  periods.  It  is  hoped  that  a  study  similar  to  the  present  one  will 
be  available  at  a  later  date  covering  a  comparable  period  from  summer  to  winter. 

7.  Meteorological  implications 

Although  the  results  obtained  in  this  study  need  to  be  checked  by  further 
extensive  research  involving  other  and  longer  periods  of  time  as  well  as  a  better 
network  of  reporting  stations,  it  is  nevertheless  very  interesting  to  discuss  the  import 
of  the  tentative  indications  obtained  upon  scientific  thought  concerning  the  general 
circulation,  assuming  that  there  exists  a  rough  correspondence  between  the  true 
facts  and  the  picture  of  conditions  as  here  derived  from  observations.  On  this 
understanding  the  following  statements  may  be  made. 

In  the  first  place  the  existence  of  the  strong  transports  of  the  third  species 
reveals  a  very  characteristic  and  deep-seated  feature  of  the  general  circulation. 
This  bears  out  the  contention  of  Jeffreys  (1926)  communicated  in  the  pages  of  this 
Journal  some  twenty- five  years  earlier  and  more  recently  re-examined  by  Starr  (1948), 
Bjerknes  (1948),  Van  Mieghem  (1949)  and  Mintz  (1949).  The  contention  has  already 
received  considerable  corroboration  through  the  studies  of  Widger  (1949)  and  also 
through  the  pilot  study  made  by  Starr  (1951). 

Since  these  transports  of  the  third  species  appear  to  be  ample  in  magnitude  to 
compensate  for  frictional  and  other  surface  losses  farther  to  the  north,  it  is  difficult 
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to  escape  the  conclusion  that  ipso  facto  the  other  modes  of  angular  momentum  transfer 
are  of  relatively  minor  importance.  This  it  indicated,  at  H  should  be,  by  the  relative 
insignificance  of  the  transports  involving  mean  and  instantaneous  tvemi tpherud 
meridional  circulations,  i.e.,  the  transports  erf  the  first  and  wcond  This 

circumstance  together  with  the  Uck  of  evidence  for  the  presence  id  a  dimt  mean 
meridional  circulation  of  the  order  of  1  m  see'1  (which  1*  M-quited;  would  tender 
untenable  certain  suggestions  of  Paknrfn  { 1  §30)  concerning  a  driving  m#t  haniam 
for  the  general  circulation  bawd  on  targe -scale  ventral  tmmt-rum  im>wm  lh#  m** 
tropical  and  more  polar  regions. 

On  the  other  hand  these  drcum*tAHc#s  wtauhi  su§gs®i  iJmi  ikas&s&s  Its*  ik$ 
mechanism  of  the  general  rircuUtkm  dtauld  fsrfktw  akasf  ims*  &;&  h  ««  ib**** 
by  Rossby  (194?)  or  by  Kuo  (!9$0)  in  *n  far  as  thsmg  tftgiiriss  aj*ads 
or  quasi-horizontal  exchange  processes  as  I* wig  the  tUmumw  {«»n»s  t«<  sfo p 
ance  of  the  zonal  westerlies.  These  tisfitanitom  haw  t®seiswsf  mbus  tupp>i»s  hum 
the  experimental  work  of  Putt  a  (1948) 

As  already  mentioned  the  slight  northward  vaiuse  d  amt  f «  1  «««»  *  > 
a  volume  rather  than  a  mass  transport  If  this  i«  Hm  tt  wsndrf  snpp. ^ >h» 
made  by  Starr  (1949,  1951)  that  ih*  kifwtu  eiwtgft  I%$Uh< s  •*{  s|«  >« 

capable  of  fulfilment  in  terms  of  Nwimnlai  ©au  hangs  fei««ea®s>i!  «esh>«tf  k»#m 
meridional  circulation*  involving  mass  tins  uttm  law  *k<  iit»  fee  m  nwltvtdiisi  tewte 

As  a  general  comment  upon  the  type  of  metemuitigb  ai  i  await  h  scempithe*! 
by  the  present  study,  it  ia  appropriate  in  pram  mil  that  »40k«»*i  ibmsuteltrtuHw 
of  the  validity  of  conclusions  based  on  the  *  samira  in«t  >rf  data  a$  m  geiwta 5  dsfiu  uli 
to  attain.  It  is  rather  through  the  amassing  nt  supp* sting  »v id»’iuv  fts*n  many 
studies  carried  through  by  various  investigators  using  uutefvemkni  data  amt  rfifhmng 
methods  (where  permissible)  that  a  certain  measure  of  umfiikme  is  ultimately 
established.  The  writers  therefore  hope  that  tins  discussion  will  encourage  further 
work  of  this  genera!  nature. 
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SUMMARY 

A  marked  seiional  variation  of  the  poleward  angular. momentum  Dux  for  the  northern  hemisphere 
in  the  vicinity  of  30*N.  latitude  is  obtained  from  an  analysis  of  upper- wind  soundings  for  a  period  of 
one  year.  The  angular- momentum  flux  appears  to  be  about  twice  as  great  during  the  whiter  as  during 
the  summer.  Indication*  of  a  mean  meridional  circulation  of  the  strength  and  character  necessary  to 
provide  a  substantial  flux  of  angular  momentum  are  lacking.  It  is  suggested  that  the  horizontal  eddy 
flint  of  angular  momentum  across  30°N.  latitude  is  sufficient  to  account  for  the  drain  of  this  momentum 
in  middle  latitudes. 


].  Introduction 

In  view  of  the  fact  that  the  prevailing  westerlies  in  the  middle  latitudes  of  the 
northern  hemisphere  undergo  a  pronounced  variation  in  strength  from  winter  to 
summer  at  low  levels,  it  follows  that  the  rate  of  removal  of  angular  momentum  through 
surface  torques  within  this  belt  also  undergoes  seasonal  variations.  Since  the  atmosphere 
does  not  store  sufficiently  large  amounts  of  angular  momentum,  these  variations  must 
be  reflected  in  corresponding  fluctuations  in  the  rate  at  which  angular  momentum  is 
fed  into  this  zonal  belt,  primarily  across  the  southern  boundary  of  the  surface  westerlies 
in  the  general  vicinity  of  30°N.  latitude.  One  may  then  inquire  whether  these  varia¬ 
tions  in  the  flux  of  angular  momentum  are  revealed  by  actual  measurements  from 
upper-wind  studies.  Successful  investigation  of  this  question  might  serve  two  purposes 
(among  other  possible  uses).  In  the  first  place,  added  information  concerning  the  large- 
scale  processes  in  the  atmosphere  might  be  obtained.  In  the  second  place,  a  reasonable 
result  of  such  an  endeavour  would  lend  greater  support  for  tire  validity  of  the  techniques 
used  to  measure  the  flux  involved.  The  aim  of  this  note  is  to  describe  the  results  of  an 
attempt  to  secure  measurements  of  the  type  discussed. 


2.  Procedure  and  results 

On  a  previous  occasion  the  present  writers  (Starr  and  White  1951)  reported  the 
results  of  an  endeavour  to  measure  the  flux  of  angular  momentum  across  the  latitude 
circle  in  the  vicinity  of  30°N.  latitude  from  upper-wind  data  for  the  six -month  period 
from  February  to  July  1949,  using  a  network  of  16  observation  points  encircling  the 
hemisphere.  The  present  study  is  based  upon  an  extension  of  these  computations 
so  as  to  cover  a  total  period  of  one  year,  i.e.,  February  1949  to  January  1950  inclusive. 

In  order  to  avoid  repetition,  only  a  brief  statement  will  be  made  here  of  the  methods 
used  to  measure  the  angular-momentum  flux,  the  reader  being  referred  to  the  discussion 
in  the  paper  already  referred  to,  which  is  henceforth  designated  as  (A).  The  necessary 
notation  used  may  be  summarized  as  follows  : 
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u  eastward  component  of  the  wind, 
v  northward  component  of  the  wind. 

[a]  space  average  of  a  quantity  a  over  the  length  of  the  complete  latitude  circle. 
«'  deviation  of  a  quantity  a  from  its  space  average  [a], 

«  time  average  of  a  quantity  a.  Time  and  space  averaging  processes  are  not 
necessarily  commutative. 

[«]'  deviation  of  the  space  average  [a]  from  the  space-lime  average  [a], 

{a}  arithmetic  mean  of  all  individual  observations  of  a  at  a  given  level  during 
entire  time  period  considered. 

n  number  of  days  for  which  observations  were  available  at  a  given  level. 

N  number  of  individual  observations  present  at  a  given  level  during  entire  time- 
period  considered. 

r  coefficient  of  linear  correlation  for  the  N  pairs  of  u  and  t>. 

In  (A)  it  was  shown  that  the  quantity  [uv]  which  represents  the  northward  trans¬ 
port  of  linear  momentum  per  unit  mass  at  a  given  level  may  be  resolved  into  three  com¬ 
ponents,  namely  : 

(i)  Transport  of  the  first  species,  (u][v}.  This  component  represents  the 
contribution  due  to  a  net  meridional  mass  flux  [o]  during  the  entire  period  at  the 
level  in  question.  To  the  extent  that  a  non-zero  value  of  [v]  at  one  level  is  usually 
compensated  by  values  of  [v]  having  an  opposite  sign  at  other  levels,  this  com¬ 
ponent  depends  upon  the  existence  of  so-called  mean  meridional  circulations. 

(ii)  Transport  of  the  second  species,  [u]'[v]'.  This  component  represents 
the  contribution  from  fluctuations  in  [v]  due  to  its  possible  correlation  with  [u] 
in  time. 

(iii)  Transport  of  the  third  species,  [uV].  This  component  represents 
the  contribution  due  to  a  correlation  between  u  and  v  along  the  length  of  the 
latitude  circle.  It  does  not  require  the  presence  of  net  air  motions  [v]  or  [u]. 
Since  one  basic  question  involved  in  the  subject  relates  to  the  role  of  mean  meri¬ 
dional  circulations,  it  is  useful  to  form  the  quantity  {uu}  —  {u}{v}  which  is  analogous 
to  the  sum  of  the  transports  of  the  second  and  third  species  although  the  mode  of 
averaging  used  is  slightly  different  as  explained  in  (A). 

Because  of  slight  changes  in  the  tabulations  of  the  source  material  and  for  other 
reasons  some  changes  were  made  in  the  computation  procedures  for  the  second  six- 
month  period  following  the  period  used  in  (A).  These  are  : 

(a)  For  the  entire  year  it  was  found  feasible  to  add  material  for  the  55,000  ft  level, 
since  a  fairly  large  sample  of  winds  could  then  be  subjected  to  analysis. 

(b)  For  the  6,  10,  20,  30,  40,  and  55  thousand-feet  levels  supplementary  data 
as  reported  for  the  850,  700,  500,  300,  200,  and  100  millibar  levels,  respectively,  were 
added,  although  preference  was  given  to  constant- height  data  where  available. 

(c)  Three  key  stations  were  added  to  the  network,  bringing  the  total  number  to 
19.  These  are  given  in  Table  I. 


TABLE  I.  List  of  key  stations  added 


Station 

Latitude  (N.) 

Longitude  (E.) 

Altitude  (ft) 

Type 

Firouk 

30°  08' 

31°  24' 

223 

radio  wind 

Habbaniya 

33°  22' 

43°  34' 

144 

„ 

Hong  Kong 

22°  18' 

114°  10' 

— 

pilot  balloon 
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Since  a  large  amount  of  observational  material  is  needed  in  order  to  achieve  satis¬ 
factory  sampling,  the  data  were  separated  only  into  summer  and  winter  seasons.  Thus 
the  six  months  May  to  October  1949  inclusive  were  considered  as  representative  of 
summer  conditions,  while  the  Six  months  February,  March,  April,  November  and 
December  1949  together  with  January  1950  were  considered  as  forming  a  composite 
winter  season.  The  results  are  given  in  Tables  II  and  III  which  are  identical  in  form 
to  Table  III  of  (A).  These  tables  give  the  transports  of  each  of  the  three  species  in 
columns  b,  7,  and  8  together  with  various  other  quantities  defined  in  terms  of  the  symbols 
already  recapitulated  here,  and  explained  more  fully  in  (A)  It  might  be  added  that  a 
number  of  the  quantities  carry  confidence  limits  which  are  definctl  as  twice  the  standard 
error. 

The  means  for  the  entire  year  are  in  themselves  of  considerable  interest.  These 
are  given  in  Table  IV  which  is  similar  to  Tables  II  and  III  save  for  the  inclusion  of 
the  55,000  ft  level.  As  might  be  expected,  the  yearly  values  tend  to  approximate 
averages  of  the  summer  and  winter  figures,  although  it  is  interesting  to  observe  other 
features  such  as  the  behaviour  of  the  confidence  limits. 

In  all  three  tables  vertical  integrals  of  several  quantities  with  respect  to  pressure 
are  given  at  the  foot.  It  is  apparent,  as  was  the  case  in  (A),  that  the  largest  transports 
are  those  of  the  third  species.  This  is  true  for  the  integrals  as  well  as  for  the  values 
at  individual  levels.  The  three  curves  in  Fig.  1  show  the  vertical  profiles  of  this  com¬ 
ponent  lor  summer,  winter  and  for  the  entire  year.  A  breakdown  of  the  number  of 
observations  available  for  the  entire  year  by  station  and  level  is  given  in  Tabic  V.  The 
percentages  listed  include  reports  from  the  key  stations  together  with  reports  from 
alternative  stations  used  in  place  of  the  key  stations  as  explained  in  (A).  It  is  to  be  noted 
that  Table  V  differs  in  form  from  Table  II  in  (A)*. 

P  ml> 

-f*  0 


Figure  l.  Vertical  profiles  of  the  eddy  transport  of  momentum  on  a  linear  pressure  scale  showing 

the  seasonal  variations. 

•  The  percental  listed  in  Tabic  V  arc  not  identical  in  meaning  to  those  listed  m  Tabic  11  of  (A).  Tabic  V  gives  the  pc»- 
cvttlagc  of  total  ixjssiblc  observations  by  Mat  ion  at  each  level,  the  total  possible  number  of  observations  being  365  which  is  the 
number  of  days  in  a  *c,»r.  Tabic  U  of  (A)  gives  percentages  of  actually  received  observations  from  ail  station*  at  each  level  as 
isted  in  Column  15  of  Tabic  III  of  (A). 
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Integral  <10  CG$  units)  +16-8  -  0-4  +  0-7  +16  5  ~  16-9  +17  8  Sum  38,501 
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TABLE  V.  Percentage  or  total  possible  observations  at  each  level  for  each  siation  for  tear 


Elevation  in  thousands  of  ft 


Station 

2 

G 

10 

14 

20 

25 

30 

35 

40 

45 

50 

55 

Qrendi 

36 

53 

55 

30 

40 

25 

56 

6 

it> 

4 

8 

9 

Bahrein 

25 

56 

57 

21 

53 

18 

SO 

2 

40 

7 

13 

14 

Hyderabad 

m 

0 

98 

0 

87 

63 

37 

i 

0 

O 

0 

0 

Dibrugarh 

98 

0 

87 

0 

52 

36 

24 

0 

0 

0 

n 

a 

Tokyo 

V3 

93 

94 

85 

93 

88 

87 

73 

59 

45 

31 

19 

Midway 

79 

79 

72 

63 

62 

49 

47 

39 

35 

25 

20 

15 

Honolulu 

04 

94 

94 

90 

91 

75 

8i 

65 

63 

47 

39 

37 

Weather  Ship  (a) 

86 

82 

83 

79 

76 

65 

59 

44 

40 

28 

21 

17 

Santa  Maria 

99 

99 

99 

99 

97 

93 

86 

79 

73 

59 

46 

35 

Big  Spring 

— 

99 

99 

99 

93 

*7 

77 

66 

60 

4£ 

3S 

22 

New  Orleans 

99 

98 

95 

93 

90 

80 

72 

64 

54 

41 

25 

9 

Miami 

1(K) 

99 

99 

99 

89 

93 

89 

83 

73 

58 

42 

24 

Kindky  Field 

83 

82 

76 

58 

56 

39 

30 

16 

10 

4 

2 

2 

Weather  Ship  (b) 

73 

85 

85 

82 

82 

76 

72 

64 

58 

39 

32 

23 

Lagens 

78 

81 

79 

74 

75 

65 

62 

44 

37 

IS 

6 

7 

North  Front 

51 

56 

55 

53 

50 

46 

53 

6 

18 

5 

12 

5 

Habbaniya 

7 

35 

32 

l 

30 

1 

28 

0 

25 

0 

0 

16 

Hong  Kong 

36 

23 

16 

7 

8 

1 

5 

0 

2 

0 

0 

<1 

Farouk 

4 

33 

32 

i 

28 

0 

14 

0 

4 

0 

0 

n 

3.  Discussion 

Several  points  of  importance  may  be  noted  concerning  the  general  results.  Among 
these  are  the  following  : 

(a)  The  transports  of  the  first  species  are  small  except  possibly  at  high  levels 
during  winter.  In  general  the  impression  is  given  that  no  well-defined  seasonal 
variation  exists  in  the  figures  for  individual  levels  and  none  exists  in  the  vertical 
integrals. 

(b)  The  transports  of  the  second  species  are  also  small  except  possibly  at 
high  levels  during  winter.  None  of  the  values  is  positive  during  summer,  while 
with  one  minor  exception  at  20,000  ft  none  of  the  values  is  negative  during  winter. 
The  integrals,  of  course,  change  in  the  same  sense  during  the  year.  It  may  there¬ 
fore  be  that  this  component  possesses  a  seasonal  variation  although  the  magnitudes 
involved  are  small. 

(c)  The  transports  of  the  third  species  are  by  far  the  most  important.  They 
are  much  larger  during  the  winter  at  every  level,  making  the  integral  for  this  season 
about  twice  as  large  as  the  integral  for  summer.  These  results  are  also  apparent 
from  Fig.  1.  The  maximum  transport  (per  unit  isobaric  layer)  occurs  at  35,000  ft 
during  winter  and  at  40,000  ft  during  summer. 

(d)  In  general  the  quantities  {uv}  —  {u}{v}  in  columns  13  agree  quite 
well  with  the  sum  of  the  items  in  columns  7  and  8,  as  is  also  true  of  the  corres¬ 
ponding  integrals.  This  shows  that  somewhat  different  methods  of  handling 
the  data  yield  comparable  results. 

(e)  The  confidence  limits  for  the  transports  of  the  third  species  in  columns  8 
exclude  zero  in  all  instances  as  was  the  case  in  (A),  except  at  50,000  ft  during 
summer. 

(f)  The  quantities  [u]  and  {v}  are  again  generally  small  in  all  three  tables. 
The  exact  values  cannot  be  taken  too  literally  in  view  of  the  confidence  limits 
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obtained  and  for  other  reasons  discussed  in  (A).  However,  it  should  again  be 
stressed  that  in  studies  of  the  present  kind  large  values  for  these  quantities  would 
have  indicated  improper  sampling  of  the  hemisphere  with  respect  to  troughs 
and  ridges  in  the  streamline  patterns,  as  the  first  possibility. 

Because  of  the  well-known  lack  of  isotropy  of  the  eddy  processes  of  the 
general  circulation  from  longitude  to  longitude,  this  problem  of  securing  an  ade¬ 
quate  sampling  of  the  hemisphere  cannot  be  over-emphasized.  Even  more  especially 
it  is  the  bete  noire  in  any  attempt  to  secure  measurements  of  the  net  meridional 
flow  of  air  at  given  levels  in  the  atmosphere. 

As  discussed  in  (A)  there  is  a  tendency  for  larger  positive  values  of  [u]  and 
{v}  to  occur  at  lower  levels  during  winter.  The  appreciable  negative  values  obtained 
at  high  levels  are  interesting  but  selectivity  and  less  satisfactory  sampling  at 
these  levels  doubtless  are  important  factors  to  be  considered. 

Over  long  periods  of  time  the  net  mass  flux  across  any  latitude  circle  must 
vanish.  In  view  of  this  it  should  be  expected  that  the  vertical  integrals  of  |v]  and 
{v}  with  respect  to  pressure  should  be  small.  Such  integrations  were  performed 
and  this  condition  is  fulfilled. 

(g)  Estimates  of  the  surface  frictional  torques  made  by  Priestley  (1951) 
reveal  a  required  yearly  mean  flux  of  about  31-7  X  1025  cgs  units  of  angular 
momentum/sec  across  latitude  30°N.  In  the  present  study  the  yearly  mean  eddy 
flux  of  angular  momentum  in  the  same  units  is  30  9  X  1G25,  in  good  agreement 
with  Priestley’s  estimated  requirement.  Both  of  these  quantities  may  however 
be  underestimates  rather  than  overestimates. 
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SUMMARY 

Two  alternative  existing  schemes  for  the  classification  of  end y- exchange  processes  are  examined  It 
appears  that  each  scheme  is  adapted  to  the  study  of  distinct  physical  questions  concerning  the  atmosphere. 
Hemispheric  wind  data  are  used  to  illustrate  the  inherent  differences  of  the  two  methods. 

A  relatively  high  positive  spatial  correlation  is  found  between  the  eastward  and  northward  components 
of  the  mean  vector  wind  along  the  latitude  circle  in  the  vicinity  of  30°N.  at  the  level  of  the  jet  stream 

1.  Comparison  of  two  systems  currently  in  use 

In  connection  with  investigations  concerning  the  angular-momentum  balance  ot  the 
atmosphere,  two  schemes  have  been  used  in  the  measurement  of  tile  flux  of  such  momentum 
across  surfaces  of  constant  latitude.  One  was  formulated  by  Priestley  (1949)  and  the  other 
by  Starr  and  White  (1951,  1952).  Although  these  systems  may  be,  and  have  in  tact  been, 
applied  to  the  meridional  transport  of  other  physical  properties,  the  descriptions  which  follow 
utilize  the  momentum  problem  as  an  example.  The  symbolism  used  is  that  of  Starr  and  White. 

A  fundamental  quantity  in  the  momentum  problem  is  the  total  amount  of  relative  linear 
eastward  momentum  transferred  across  a  complete  latitude  circle  per  unit  height  at  a  given 
elevation  during  any  given  time  interval.  It  was  shown  (Starr  and  White  1951)  that  this 
quantity  is  principally  determined  by  the  product  [uu]  where  u  and  v  are  the  eastward  and 
northward  components  of  wind  velocity,  the  square  brackets  denote  a  space  average  over 
the  length  L  of  a  complete  latitude  circle  while  the  bar  denotes  a  time  average  over  any  specified 
time  interval.  The  space  and  time  averaging  operations  are  commutative. 

It  was  shown  (Starr  and  White  1951,  1952)  that  this  product  can  be  expanded  and 

expressed  as  _ _ _ 

[uu]  -  [u]  [t/j  +  [u]'  [t>]'  -t~  fuVj  .  .  (1) 

where  primes  denote  departures  from  the  averages.  It  is  also  possible  to  represent  this 
product  by  an  expansion  of  the  following  type 

[m3]  —  [u]  [0]  +  [u'  if*']  +  [mu']  (2) 

as  shown  by  Priestley  (1949).  Both  expressions  (1)  and  (2)  are  equally  valid,  the  difference 
being  that  the  order  of  operations  with  respect  to  time  and  space  variables  is  reversed  in 
the  two  cases,  with  a  resulting  difference  in  the  physical  interpretation  of  the  several  terms 
in  the  two  expressions. 

Thus  it  is  of  interest  to  point  out  that  : 

(а)  The  term  [uu]  of  Eq.  (1)  and  [uu]  of  Eq.  (2)  both  represent  the  flux  of  linear 
momentum  across  a  latitude  wall  at  a  given  level  and  over  a  given  time  interval,  owing  to  the 
commutability  of  the  brackets  and  the  bars. 

(б)  The  terms  [u]  [v]  of  Eq.  (1)  and  [u]  [u]  of  Eq.  (2)  depend  upon  the  non-zero  value 
of  the  mean  meridional  rate  of  air  flow  [u7,  and  [u], 

(c)  The  terms  [u]'  [u]'  of  Eq.  (1)  and  (u'  u']  of  Eq.  (2)  are  not  equal.  The  former 
represents  a  contribution  to  the  momentum  flux  which  depends  upon  the  presence  of  a 
temporal  correlation  between  the  instantaneous  space  means  [u]  and  [v]  at  a  given  level  in 
the  atmosphere.  It  may  be  interpreted  as  the  contribution  from  an  instantaneous  meridional 
net  flow  of  air  whose  strength  varies  m  time  in  a  systematic  manner  with  the  strength  of 
the  average  zonal  winds.  On  the  other  hand,  the  latter  is  a  contribution  to  the  flux  which  is 
due  to  the  presence  of  a  spatial  correlation  between  the  time  means  u  and  v  along  a  latitude 
circle.  It  is  associated  with  the  asymmetry  of  the  troughs,  ridges  and  other  features  of  the 
mean  streamline  pattern. 
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(d)  The  terms  [u'w7]  of  Eq.  (1)  and  [tPlf'j  of  Eq,  (2)  are  also  net  equal.  The  contxibuticm 
of  the  first  is  due  to  the  presence  of  an  instantaneous  spatial  correlation  between  u  and  v 
along  a  latitude  circle.  It  is  dependent  upon  the  asymmetry  of  the  troughs  and  ridges  and 
other  features  of  the  instantaneous  streamline  pattern,  as  suggested  earlier  by  Starr  (1948). 

On  the  other  hand,  the  second  is  due  to  the  presence  of  a  time  correlation  between  the 
instantaneous  values  of  u  and  v  at  individual  points  along  a  latitude  circle.  It  may  be  associated 
with  the  temporal  variations  of  the  wind  at  given  stations. 

Z.  Am  observational  example 

An  example  of  the  evaluation  of  the  terms  of  Eq.  (1)  was  presented  by  Starr  and  White 
(1952),  in  which  die  angular -momentum  flux  for  a  period  of  one  year  (Feb.  1949  to  Jan.  1950 
inclusive)  in  the  vicinity  of  3T'N.  latitude  was  discussed.  It  was  found  that  the  third  term 
on  the  right  gave  by  far  the  largest  contribution  to  the  total.  Various  details  of  the  computations 
cannot  be  repeated  here,  the  reader  being  referred  to  the  two  previous  articles  by  the  present 
writers  which  have  already  been  cited.  In  the  present  paper  the  writers  have  re-evaluated  the 
same  data  according  to  the  expansion  given  by  Eq.  (2). 

In  applying  the  second  mode  of  expansion  a  quantity  such  as  [uv]  involved  equal  weighting 
of  the  several  stations  used.  Consequently  the  results  are  rather  sensitive  to  the  inclusion 
of  stations  with  only  small  amounts  of  data  which  may  thus  be  rendered  non-representative.  In 
the  re-evaluation  it  was  therefore  considered  desirable  to  eliminate  at  each  level  those  stations 
which  reported  less  than  50  times  during  the  year  (see  Table  V,  Starr  and  White  1952).  Table 
I  shows  a  comparison  between  the  several  terms  in  the  two  modes  of  expansion.*  The  following 
points  may  be  noted  concerning  these  results. 

TABLE  1.  Comparison  of  the  magnitude  of  the  terms  in  the  two  modes  of  expansion.  Levels 

ARE  GIVEN  IN  THOUSANDS  OF  FT.  ALL  VELOCITIES  ARE  IN  M  S£c'\  INTERNAL  CONSISTENCY  LIMITED 
BY  KOI  IN  DING-OFF  APPROXIMATIONS.  VERTICAL  INTEGRALS  REPRESENT  FLUX  OF  ANGULAR  MOMENTUM 

ACROSS  ENTIRE  LATITUDE  CIRCLE 


Level 

M 

Equation  (1) 

ra  &  urw 

[uV] 

M 

Equation  (2) 

£“]  H  [«'  S'] 

[&&] 

55 

i  u 

-  i 

0 

4*  14 

+  18 

">  1 

4  7 

+  U 

50 

4  19 

-  10 

4-  4 

4-  25 

4-  12 

-  li 

4*  3 

+  22 

45 

f  39 

-  10 

+  5 

4  44 

4-  35 

14 

+  12 

4  38 

40 

*-  52 

4-  I 

4-  1 

4-  50 

4-  62 

-1-  7 

4*  14 

4  41 

35 

4  51 

-  5 

4-  4 

1  52 

4-  41 

-  9 

•h  11 

+  39 

30 

4  42 

i  2 

-  I 

i  40 

4  36 

f  2 

4  10 

4-  25 

25 

4  21 

-*  1 

0 

+  22 

4  20 

-  1 

+  4 

4-  16 

20 

+•  16 

1  1 

-  1 

f  15 

4  14 

4-  I 

4  4 

4-  9 

14 

4-  12 

1  1 

i  1 

4  0 

H  10 

0 

4  l 

4-  8 

10 

I  6 

0 

0 

4-  6 

-]  6 

0 

4-  i 

+  5 

6 

+  4 

0 

4-  1 

4-  3 

+  3 

0 

0 

4-  3 

2 

+  3 

0 

0 

+•  3 

i  2 

0 

0 

4-  2 

Integral 

1  31*5 

-  UA 

i  1-3 

4-  30-9 

4  28*6 

-  1*5 

4-  67 

4-  23-6 

(10**  CCS  units) 


(a)  The  terms  [uv]  and  [uv]  of  Eqs.  (1)  and  (2)  representing  the  total  flux  of  angular 
momentum  are  similar  at  most  levels,  with  belter  agreement  in  the  lower  levels  where  the 
data  are  more  complete.  _Thc  total  integrated  fluxes  differ  only  slightly. 

( b )  The  terms  [u]  [v]  and  [u]  [v]  of  Eqs.  (1)  and  (2)  appear  to  be  in  fair  agreement 
at  most  levels,  again  being  more  nearly  alike  in  the  lower  levels  where  the  data  arc  more 
plentiful.  The  integrated  values  of  these  terms  are  both  negative  and  small  when  compared 
with  the  total  flux. 

*  One  may  raise  a  legitimate  question  as  to  whether  the  exclusion  of  the  data  from  stations  with  a  small  number  of  observations 
would  have  altered  the  analysis  according  to  Eq  (1).  A  numerical  check  at  40.000  ft  showed  no  appreciable  effect  of  tikis  kind, 
as  should  be  expected  from  the  form  of  the  equation. 
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(e)  On  the  other  hand,  the  terms  [uj'fvf  and  ju'  i)'}  of  Eqs.  (1)  and (2) differ  considerably. 
The  former  varies  in  sign  and  is  small  while  the  latter  is  consistently  positive  and  of  fair  size 
except  at  low  levels.  When  integrated  through  height  the  first  accounts  for  only  4  per  cent 
of  the  total  flux  while  the  second  accounts  for  22  per  cent  Thus  while  it  is  possible  to  neglect 
the  term  [ITf  "[v]7  of  Eq.  (1)  in  comparison  with  the  total  it  is  not  possible  to  neglect  the  term 
[u'  v']  of  Eq.  (2)  in  comparison  with  the  total. 

(d)  The  terms  [u'w7]  of  Eq.  (1)  and  [tFv'j  of  Eq.  (2)  individually  account  for  the  major 
portion  of  the  flax  in  their  respective  systems  of  expansion.  It  is  quite  dear  from  the  data 
however  that  the  values  of  the  latter  are  generally  smaller.  The  first  wiven  integrated  through 
height  accounts  for  98  per  cent  of  the  total  poleward  flux  of  angular  momentum  while  the 
second  accounts  for  only  82  per  cent. 

One  interesting  feature  of  the  second  mode  of  expansion  is  the  possibility  of  examining 
the  hemispherical  representativeness  of  the  quantity  u'v'  computed  at  various  stations.  The 
vertical  integral  of  this  term  was  computed  for  each  of  the  seven  stations  listed  in  Table 
II.  It  might  be  tempting  to  ascribe  the  low  value  at  Santa  Maria  to  selectivity  or  to  general 
incompleteness  of  the  data  used .  Examination  of  die  results  at  individual  levels  shows,  however, 
that  the  anomalous  behaviour  of  the  flux  manifests  itself  markedly  already  at  elevations  where 
observations  were  received  with  almost  perfect  regularity.  The  low  values  at  Honolulu 
and  perhaps  at  Miami  may  be  related  to  the  low  latitude  of  these  stations. 


TABLE  II.  The  vertically  integrated  values  of  the  quantity  i i\f  at  the  stations  indicated. 
Values  represent  the  flux  of  angular  momentum  across  the  complete  latitude  circle  assuming 

THAT  EACH  STATION  IS  REPRESENTATIVE  OF  THE  HEMISPHERE  (10“  COS  UNITS) 


Tokyo  Midway  Honolulu  Santa  Maria  Big  Spring  Miami  Weather  Ship  (8) 

(Atlantic) 

+  57-6  +  17-7  +  21-5  -  00-4  +  44-4  +  16-0  +26-9 


On  the  whole  it  is  unlikely  that  the  differences  shown  among  the  stations  are  primarily 
due  to  incomplete  data  or  to  peculiarities  of  the  particular  year  studied,  although  some  variation 
from  year  to  year  should  no  doubt  be  expected.  It  appears  therefore  that  it  is  necessary  to 
apply  this  mode  of  expansion  to  a  large  number  of  stations  well  distributed  around  the  entire 
latitude  circle,  if  the  purpose  of  the  work  is  to  obtain  a  hemisphericaily  representative  sample. 

The  second  term  on  the  right  in  Eq.  (2)  involves  a  spatial  correlation  between  u  and  i>, 
i.e.,  between  the  eastward  and  northward  components  of  the  mean  vector  wind,  at  the  various 
stations  along  the  latitude  circle.  From  the  definitions  given  one  may  therefore  write  that 

[«  f']  [«  v]  —  [u]  [u]  =  r  (u,  v)  .  cr  (i)  .a  (it)  .  .  (3) 

where  r  (u,  v)  is  the  coefficient  of  linear  correlation  between  u  and  v,  and  a  (u),  a  (v)  denote 
the  standard  deviations  of  these  components.  Eq.  (3)  may  be  used  to  determine  r  (u,  v)  for 
the  number  of  stations  used  in  the  second  mode  of  expansion.  The  several  values  obtained 
in  this  manner  are  given  in  Table  ill. 


TABLE  III.  Coefficients  of  correlation  in  per  cent  between  u  and  v 


Elevation  in  10’  ft 

2 

6 

ii> 

14 

20 

25 

30 

35 

40 

45 

50 

55 

r  (u.  v) 

-  3 

■+■  8 

■f  34 

-f  20 

T  64 

+  50 

+  76 

i  74 

+  75 

+  65 

+  26 

4  51 

No.  of  Stations 

16 

17 

19 

14 

18 

16 

18 

11 

14 

10 

9 

9 

It  may  be  observed  that  the  correlations  are  highest  at  the  jet-stream  levels.  This  would 
suggest  that  evidence  of  such  behaviour  of  the  mean  winds  should  be  found  on  mean  streamline 
charts  for  upper  levels,  although  there  exist  at  least  two  difficulties  which  attend  the  actual 
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detection  of  such  properties  of  mean  maps.  In  the  first  place  even  though  the  correlations 
are  of  fair  size,  the  standard  deviations  a  (u)  arid  a  (b)  are  not  very  large,  the  Utter  being  as 
high  as  3  m/sec  only  at  40,000  ft.  Maps  of  great  accuracy  in  regard  to  small  details  would 
thus  be  required.  In  rite  second  place  it  is  not  known  at  present  what  the  imr-uitance  of 
small  mean  geostrophic  departures  may  be  in  this  connection,  so  that  mean  jjobaric  maps 
may  not  exhibit  this  property  fully.  Finally  it  would  of  course  be  desirable  to  check  the 
results  given  here  on  independent  data  and  at  other  latitudes. 

As  a  sidelight  on  this  matter  it  may  be  noted  that  a  theoretical  study  of  the  standing 
perturbations  in  the  westerlies  due  to  an  idealized  mountain,  made  by  Bolin  (1950)  seems 
to  show  qualitative  evidence  of  a  correlation  of  the  type  found  in  the  present  discussion.  Like¬ 
wise  a  somewhat  similar  study  (unpublished)  made  by  our  colleague  Major  F.  5J.  Thompson, 
U  S.A.F.,  using  an  approximation  to  the  actual  North  American  mountain  complex  also 
yields  results  having  this  property. 
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The  aim  of  this  note  is  to  present  more 
statistics  concerning  the  meridional  flux  of 
angular  momentum  in  the  tropics  similar  to 
those  already  published  (Stash  and  White 
1952  a).  A  further  investigation  for  a  period  of 
one  additional  year  has  now  been  completed 
for  13°  N,  in  order  ro  verify  the  previous 
conclusions  with  independent  data.  A  continu¬ 
ous  two-year  period  has  thus  been  analysed  and 
represents  a  concluded  phase  of  the  investiga¬ 
tion  for  this  latitude. 


Except  as  indicated,  the  form  of  the  accom¬ 
panying  tables  and  the  computational  pro¬ 
cedures  used  in  obtaining  them  are  the  same 
as  the  corresponding  ones  in  the  paper  cited, 
to  which  the  reader  is  referred  for  details  not 
repeated  here.  As  an  experiment  the  station 
network  for  the  second  year  was  altered  con¬ 
siderably  and  enlarged,  the  added  new  key 
stations  being  listed  in  Tabic  1.  Some  former 
key  stations  were  also  dropped,  the  complete 
new  list  being  that  given  in  Table  2,  which 


Table  I.  List  of  added  key  station*  (numbered)  and  their  alternate  stations  (Italics) 


Station 

Latitude  (N.) 

Longitude 

Altitude  (It) 

Type 

1.  Port  Blair . 

it° 

40' 

92° 

43'  E 

262 

pilot  balloon 

Sandoway . 

18 

28 

94 

21  E 

30 

Seissein . 

16 

46 

94 

46  E 

13 

M  ingaiadon . 

16 

54 

96 

xi  E 

92 

Tavoy . 

14 

06 

98 

13  E 

112 

» 

Mergui . 

12 

26 

98 

36  E 

66 

» 

Victoria  Point . 

09 

58 

98 

35  E 

122 

» 

Penang . 

05 

18 

too 

16  E 

12 

* 

2.  Hilo . 

19 

44 

155 

04  W 

33 

radio  wind 

12 

96 

08  w 

Tacubaya . 

19 

24 

99 

12  W 

7579 

» 

Mexico  City . 

»9 

26 

99 

08  w 

734*5 

t 

Cmdad  Del  Carmer . 

18 

39 

9i 

49  W 

5 

» 

Swan  Island . 

*7 

24 

83 

56  W 

35 

» 

4.  Albrook  Field . 

oS 

58 

79 

33  W 

21 

radio  wind 

Plato  Magdalena . 

09 

48 

74 

48  W 

190 

I 

5.  Cayenne  -Rochambeau . 

04 

5° 

52 

22  W 

pilot  balloon 

Teiius  VI  (1914).  2 
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Table  a.  Percentage  of  total  possible  observation*  for  second  year 


Station 

Altitude  in  thousands  of  feet 

2 

6 

10 

14 

20 

25 

3° 

35 

40 

45 

50 

55 

65 

El  Fasher . . . 

92 

93 

92 

91 

84 

33 

27 

14 

IO 

4 

I 

I 

Aden . 

75 

85 

73 

13 

7» 

21 

64 

IO 

58 

3 

3 

41 

Trichinoooly . 

IOO 

O 

IOO 

O 

88 

84 

75 

7 

O 

O 

O 

O 

Port  Blair. . . . 

97 

86 

91 

41 

32 

24 

*3 

2 

O 

O 

O 

O 

Saigon . 

89 

86 

88 

76 

63 

13 

5 

3 

2 

1 

O 

O 

Clark  Field . 

97 

97 

96 

92 

8S 

53 

46 

34 

38 

29 

28 

30 

Yap . 

75 

84 

?8 

58 

84 

43 

46 

30 

32 

20 

IO 

8 

Hannon  Field . 

88 

94 

93 

78 

89 

72 

86 

71 

S3 

63 

54 

48 

KwajaleLn . 

99 

IOO 

99 

98 

99 

95 

98 

90 

96 

80 

62 

57 

Johnson  Island . 

75 

91 

90 

70 

79 

57 

63 

45 

49 

31 

27 

l6 

Hilo . 

QO 

C/Q 

QQ 

90 

97 

84 

91 

76 

82 

57 

37 

30 

Vera  Cruz . 

98 

94 

89 

79 

62 

10 

2 

0 

O 

0 

0 

O 

Albrook  Field . 

82 

93 

92 

77 

83 

61 

65 

47 

49 

24 

6 

I 

Waller  Field . 

IOO 

IOO 

200 

96 

97 

84 

91 

77 

84 

64 

47 

48 

Cayenne- Kochambeau . 

56 

52 

39 

3° 

23 

18 

16 

>7 

14 

«3 

7 

4 

Dakar . 

92 

91 

78 

4i 

35 

18 

28 

16 

24 

12 

8 

8 

shows  the  frequency  distribution  of  the  availa¬ 
ble  observations  for  the  second  year  alone.  Due 
to  these  changes  in  the  stations  used,  it  is  not 
convenient  to  present  a  frequency  table  for  the 
two  years  combined,  as  was  done  by  the 
writers  in  the  case  of  similar  studies  at  310  N 
(Stark  and  White  1952  b). 

It  is  seen  from  Table  3  that  the  main  results 
for  the  two  year  period  are  much  the  same  as 
for  the  first  year  alone  published  previously. 
Again  using  par en  dieses  to  indicate  vertical 
averaging  with  respect  to  pressure  for  the 
layer  considered,  ([«})  turns  out  to  be  -  0.35 
msec1  for  the  two  years  as  compared  with 


-  0.50  m  sec  * 1  for  the  first  year1.  The  quantity 
((p])  is  -0.21  m  sec'1  for  the  two  years  as 
compared  with  -0.16  m  sec-1  for  the  first 
year,  indicating  most  probably  that  a  slight  bias 
in  favor  of  northerly  wind  components  is  still 
present  in  the  data.  The  integrals  at  the  foot 
of  columns  5  and  6  in  Table  3  show  that  about 
11  per  cent  of  the  momentum  transport  is 
accomplished  through  mean  meridional  cir¬ 
culations  for  the  two  years  as  compared  with 
about  14  per  cent  for  the  first  year. 


1  This  last  quantity  was  written  erroneously  as  +  0.50 
m  sec-*  in  Stars  and  White  (195 2  a),  although  the 
associated  discussion  there  given  requires  no  correction. 


REFERENCES 

Stars,  V.  P.t  and  Whtte,  R.  M.,  1952  a:  Meridional  flux 
of  angular  momentum  in  the  tropics.  Tellus,  4,  2, 
118  - 125. 

-  1952  b:  Two  years  of  momentum  flux  data  for  31°  N. 
Tellus,  4,  4.  332-333. 


Tellus  VI  (1954).  2 


-90- 


Table  3.  Numerical  analysis  for  two  year  period.  The  levels  are  given  in  thousands  of  feet.  All  velocities 
Internal  consistency  of  figures  given  is  limited  by  rounding-off  approximations 
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Two  Years  of  Momentum  Flux  Data  for  31°  N 

By  V.  P.  STARR,  Massachusetts  Institute  of  Technology 
and  R.  M.  WHITE,  U.S.A.F.  Cambridge  Research  Center,  Mass. 

(Manuscript  received  October  20,  1952; 


At  various  times  during  die  past  two  years, 
the  authors  have  had  occasion  to  report  upon 
the  results  of  an  investigation  of  the  angular 
momentum  balance  of  the  atmosphere  as 
deduced  from  actual  wind  measurements  dis¬ 
tributed  over  the  northern  hemisphere  (Starr 
and  White  1951,  1952a,  1952b).  The  meteoro¬ 
logical  implications  of  the  results  of  these 
studies  have  been  discussed  in  these  papers,  A 
further  investigation  for  a  period  of  one 
additional  year  has  now  been  completed  for 
ji°  N,  in  order  to  verify  the  previous  conclu¬ 
sions  with  independent  data.  A  continuous 
two-year  period  has  thus  been  analysed  and 
represents  a  concluded  phase  of  the  investiga¬ 
tion  for  this  latitude. 

For  the  second  year,  computations  were 
made  at  the  standard  pressure  levels.  In  com¬ 
bining  the  data  for  the  first  year  with  those 
of  the  second  the  2,  6,  10,  20,  30,  40,  and  55 
thousand  foot  levels  are  identified  with  the 
1000,  850,  700,  500,  300,  200,  and  too  mb 
pressure  levels  respectively.  For  purposes  of 
record  Table  1  presents  the  final  array  of  re¬ 
sults,  while  Table  11  presents  a  frequency  dis¬ 
tribution  of  all  available  observation*  tor  the 
two  year  period.  The  form  of  these  tables  is 
identical  with  that  of  the  corresponding  ones 
given  by  Starr  and  White  (1952a,  1952b),  to 
which  papers  the  reader  is  referred  for  details 
ol  notation. 


It  is  worthy  of  note  that  the  vertical  average 
of  jn|  with  resp  -ct  to  pressure  between  3  000 
and  100  mb  is  only  — 1.31  cm  see'. 


Table  I.  Percentage  of  total  possible  observations 
nt  each  level  for  each  station. 


Stations 

Pressure  levels 

in  mb. 

ICTOO 

85O 

700 

500 

300 

200 

8 

Qrendi . 

20 

57 

58 

5* 

52 

33 

18 

Bahrein . 

2  2 

t>3 

62 

6l 

57 

47 

22 

Hyderabad . 

5° 

O 

94 

78 

34 

O 

O 

Debrut;arh  . 

80 

O 

87 

97 

46 

95 

17 

35 

O 

O 

Tokyo . 

9-: 

58 

•*4 

Midwav . 

8l 

79 

74 

66 

.53 

42 

21 

Honolulu  . 

93 

8S 

80 

73 

60 

46 

26 

Weather  Ship  (a)  .  . 

77 

84 

85 

8  a 

7i 

59 

22 

Santa  Maria . 

99 

99 

99 

97 

8/ 

74 

3« 

l$it*  Spring . 

4 

99 

99 

94 

7b 

58 

2  I 

New  Orleans  ..... 

99 

98 

90 

89 

TO 

48 

I  i 

Miami . 

too 

too 

99 

93 

SO 

7s 

30 

Kindlev  Field . 

87 

87 

83 

68 

30 

!  3 

Weather  Ship  (b)  . 

85 

79 

81 

74 

55 

40 

*5 

Lagens . 

83 

sa 

87 

80 

f>5 

41 

9 

North  Front . 

69 

7‘ 

68 

(il 

5> 

23 

7 

Habbaniva . 

25 

54 

5-t 

53 

49 

43 

29 

Hong  Kong . 

35 

45 

40 

34 

23 

.8 

1 1 

Farouk . 

3- 

58 

5# 

55 

38 

16 

2 
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Tabic  XI.  Numerical  coaly  sit  for  the  period  Feb.  1949  to  Jaa.  1951  inc.  The  levels 
are  given  in  mb.  All  velocities  are  in  m  sec.—' . 

Internal  consistency  of  figures  given  is  limited  by  rounding-off  approximations. 


I 

2 

3 

4 

5 

6 

*7 

* 

8 

Level 

H 

Fl 

M  M 

l«i  M 

M'  M' 

W  t*'] 

iOO 

+  8.8 

— 0.05  ±0.39 

—  2.4-6 

T  14  ±  8 

0 

—  2 

+  16  44 

200 

+ 176 

—0.27  ±0.39 

~5  ±9 

+  40  ±  12 

—  5 

O 

445  ±7 

300 

4  14-5 

0.00  ±0.24 

—  1  ±  5 

4  33  ±  7 

0 

—  I 

+  35  45 

500 

-1-  8-7 

40.03  40.14 

°  ±  2 

4  14  A'  3  ' 

0 

—  I 

+  14  ±2 

7<X> 

4  3-8 

- 0.01  40.10 

0  4  1 

4  5  ±  1 

0 

O 

4  5  4 1 

850 

4~  1.2 

40.23  40.12 

4  J  4o 

+  4  4:  1 

0 

+  I 

4  3  4i 

IOOO 

—  0.7 

— 0.28  40.09 

4  J  4  0 

+  4  i  1 

0 

O 

+  3  ±1 

Integral  (io“  CGS  units) 


+  14  5  —  °-4 


0.3  4  35.1 


9 

xo 

II 

12 

•3 

<4 

>5 

Level 

H 

{«) 

W 

{« >-} 

{»•')-!«}  M 

T 

N 

roo 

564 

4 

7.8 

-f~  0.06 

+  15 

*r  14 

4 

0.14 

2223 

200 

727 

T 

15-9 

—  o.ii 

+  43 

+  r4 

■h 

0.19 

5351 

300 

73° 

4 

14.0 

—  0,01 

+  33 

+  34 

4 

0.19 

7793 

500 

73° 

~r 

8.6 

—  0.01 

+  13 

+  13 

4 

0.14 

9912 

700 

73° 

4 

3-9 

-  0.02 

+  5 

+  5 

4. 

0.10 

10941 

850 

73° 

4 

2.2 

4  0.14 

+  4 

+  4 

4 

0.09 

9806 

2000 

730 

— 

°-7 

-  O.3O 

+  4 

+  3 

4- 

0.13 

9°43 

integral  (to7  CGS  units) 


4  14-7 


4  14.8 


Sum  54969 
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Abstract 

The  results  of  an  attempt  to  measure  the  meridional  flux  of  angular  momentum  across  the 
vicinity  of  J30  N  latitude  from  actual  wind  data  arc  presented.  It  is  found  that  the  average 
dux  for  one  year  is  directed  northward  but  is  much  smaller  than  the  corresponding  dux  at 
3 1°  N  as  obtained  from  a  similar  hemispheric  study  made  earlier  for  that  latitude.  According 
to  the  data  the  flux  at  £3°  is  due  mainly  to  horizontal  exchange  processes  which  are  most  vigorous 
at  an  elevation  of  about  35,000  feet. 


I.  Introduction 

During  the  course  of  ait  extended  program 
of  research  concerning  the  angular  momentum 
balance  of  the  northern  hemisphere,  the 
writers  have  reported  elsewhere  (Starr  and 
White  1951,  1952)  the  results  of  flux  com¬ 
putations  from  actual-wind  data  in  the  sub¬ 
tropics.  In  the  study  described  m  these  two 
previous  papers,  henceforth  denoted  as  (A) 
and  (B)  respectively,  the  meridional  transports 
were  evaluated  from  a  string  of  upper-wind 
stations  encircling  the  earth  in  the  vicinity  of 
310  N  latitude  for  a  period  of  one  year.  In  the 
region  of  the  subtropics  and  at  more  northerly 
latitudes  die  character  of  the  angular  momen¬ 
tum  balance  has  also  received  observational 
elucidation  from  the  geostrophic-wind  studies 
of  Widger  (1949)  Mintz  (1951),  White  and 
Cooley  (1952)  and  Lorenz  (1952),  and  like¬ 
wise  from  the  actual-wind  studies  of  Priestley 
(1949,  1951a,  b),  Starr  (>950)  and  Nygerg  and 
SCHMACKE  (1951). 

However,  much  interest  is  centered  in  regard 
to  the  character  of  the  transport  mechanisms 
(vertical  and  meridional)  which  may  be 
operative  in  the  more  tropical  regions  where 


geostrophic  wind  measurements  are  of  doubtful 
reliability  and  arc  more  difficult  to  obtain.  For 
these  reasons,  and  also  because  of  other  con¬ 
siderations,  recourse  must  be  made  to  pro¬ 
cedures  involving  the  use  of  actual-wind  data 
in  order  to  throw  light  upon  the  problem  in 
this  zone.  In  the  present  paper  an  account  is 
given  of  an  attempt  to  duplicate  the  studies 
contained  in  (A)  and  (B)  for  a  string  of  upper- 
wind  stations  in  the  vicinity  of  13  *  N,  to  the 
extent  that  this  is  possible  with  existing  data. 
Although  an  endeavor  was  made  in  (B)  to 
show  the  seasonal  variation  of  the  flux,  no 
corresponding  attempt  was  made  for  1 3 '  N, 
due  to  the  fact  that  a  somewhat  smaller  total 
amount  of  data  was  available  in  the  tropics 
and  also  for  other  reasons. 

From  general  physical  considerations  one  is 
led  to  certain  over-all  expectations  concerning 
the  total  meridional  flux  across  the  latitude 
circle  in  the  vicinity  of  13°  N.  The  more 
important  of  these  are  the  following,  (a)  Since 
the  storage  capacity  of  the  atmosphere  for 
angular  momentum  is  small  when  a  period  of 
the  length  of  one  year  is  considered,  the  total 
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Table  i.  Lilt  of  key  itatiofu  (numbered)  and  alternate  nations  (italics) 


Station 

Latitude 

(N.) 

Longitude 

Attitude  (ft) 

Type 

2. 

Gao  . 

16“ 

06' 

OO  ° 

03’ 

£ 

*99 

pilot  balloon 

E 

*•>45 

ft 

Zuider  . . 

13 

48 

«9 

OO 

E 

1604 

ft 

Mopti . 

‘4 

30 

04 

12 

W 

906 

ft 

Bamako  . . .  . 

12 

38 

08 

01 

W 

rose 

ft 

-r 

El  Fashcr  . 

25 

E 

239$ 

28 

E 

El  Obcid  . 

13 

10 

3° 

14 

E 

1887 

ft 

I  3 

IO 

32 

40 

E 

1253 

ft 

Mahkal . 

09 

33 

31 

39 

E 

12j6 

ft 

IV'uw  . 

07 

44 

28 

or 

E 

1440 

ft 

3- 

Aden  Khonnaksar  . 

12 

50 

45 

01 

E 

3 

radio  wind 

5  H 

E 

33 

Riytai . 

14 

39 

49 

43 

E 

46 

ft 

Kamarem  Island  . . . 

IS 

20 

41 

3? 

E 

20 

ft 

4- 

Trichinopoly . 

IO 

49 

78 

42 

E 

256 

> 

Vcngurla  . 

15 

ss 

73 

40 

E 

— 

ft 

Anantapar  . . . 

14 

41 

77 

37 

E 

1 148 

ft 

Moiras  . 

'3 

04 

80 

15 

E 

sa 

ft 

Mangalore  . . 

12 

54 

74 

si 

E 

72 

ft 

Fori  Cochin  . 

o<) 

58 

76 

14 

E 

IO 

ft 

Trivandrum  . 

08 

29 

76 

57 

E 

200 

ft 

Sagercoil  . 

08 

1  I 

77 

26 

E 

I  12 

ft 

5- 

Saigon  . 

10 

49 

106 

39 

E 

33 

ft 

Mingaladon . 

16 

56 

96 

07 

E 

94 

ft 

Tavoy  . 

M 

OS 

9  8 

12 

E 

112 

ft 

Victoria  Point . 

09 

59 

98 

35 

E 

122 

ft 

Penang  . 

OS 

18 

100 

16 

E 

13 

ft 

Tourane  . 

16 

02 

JOS 

1  l 

E 

16 

» 

Pottle . 

16 

33 

III 

37 

E 

20 

ft 

Seno  . 

16 

40 

105 

00 

E 

502 

ft 

Phnom  Penh . . . 

2  1 

33 

104 

51 

E 

33 

ft 

( i . 

Clark  Field  .  . . 

is 

IO 

120 

34 

E 

644 

radio  wind 

Latoag . 

18 

1  X 

2  20 

3 4 

E 

12 

pilot  balloon 

7- 

Yjp  . 

09 

29 

138 

08 

E 

O 

radio  wind 

s. 

Harmon  Field  . 

12 

3  1 

144 

49 

E 

176 

» 

9- 

Kwajalcin . 

OS 

43 

167 

44 

E 

IO 

» 

1  I  Vifee  Island . 

19 

x  5 

166 

3° 

E 

O 

» 

10. 

Johnson  . 

2  6 

44 

169 

31 

W 

20 

* 

Hilo  . 

19 

44 

MS 

04 

W 

33 

» 

XI. 

Tehuantepec . 

16 

20 

95 

14 

W 

75 

pilot  balloon 

08 

w 

Ciudad  del  Cornier  . 

1  x 

39 

91 

5° 

w 

5 

ft 

12. 

Managua  . 

12 

08 

86 

12 

w 

178 

radio  wind 

13- 

Plato  Magdalena  . 

09 

48 

74 

48 

w 

lyO 

» 

All, rook  field . 

08 

58 

79 

33 

w 

21 

♦ 

Barratujuilla  . 

IO 

55 

74 

45 

w 

39 

* 

M 

Waller  Field . 

20 

36 

6l 

12 

w 

0 

2  8 

28 

66 

w 

82 

15. 

Dakar  . 

24 

40 

17 

26 

w 

131 

» 

Sf.  Louis  . .  . 

l  6 

OI 

16 

30 

w 

10 

pilot  balloon 

Dakar  Yojj  . 

14 

41 

17 

25 

w 

62 

ft 

Sal . . . 

26 

44 

22 

57 

w 

180 

* 

amount  transported  into  the  polar  cap  north 
of  a  given  latitude  should  be  equal  to  the 
amount  removed  by  surface  torques  acting  on 
the  cap.  (b)  Since  the  zone  between  13“  and 
31°  N  is  a  region  of  predominant  easterly 

4 — .'OSO-fO  S(l>. 


winds  near  the  surface,  the  northward  flux  at 
13°  N  should  be  smaller  (algebraically)  than 
the  flux  at  31°  N.  (c)  Whether  or  not  the 
flux  across  13°  N  is  actually  negative  (directed 
southward)  cannot  be  determined  from  general 
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considerations  except  as  noted  below,  since 
one  may  not  assume  complete  symmetry  of 
the  two  hemispheres  about  the  equator  in  this 
connection,  (d)  Since  at  310  N  angular  momen¬ 
tum  is  transported  strongly  northward  by  the 
very  large  disturbances  in  the  upper  westerlies, 
one  might  perhaps  expect  that  this  effect  would 
not  be  suppressed  completely  in  a  distance  so 
short  as  180  to  the  south. 

The  degree  to  which  such  anticipations  as 
those  listed  above  are  not  in  conflict  with  the 
numerical  findings  obtained,  constitutes  one 
rather  general  criterion  for  the  plausibility  of 
the  results. 

2.  Observational  material 

As  in  the  study  reported  in  A)  and  (B)  a 
string  of  key  stations  was  used.  These  15 
stations  are  listed  in  table  1.  Since  reports  were 
often  missing  from  the  key  stations,  alternative 
stations  in  the  vicinity  of  the  key  stations  were 
used  in  order  to  increase  the  amount  of  obser¬ 
vational  material.  The  alternative  stations  are 
entered  in  italics  below  the  key  stations  in  the 
table.  Although  it  would  have  been  advanta¬ 
geous  to  use  the  same  period  of  time  as  was 
used  for  the  study  at  31°  N,  various  factors 
made  this  impracticai.  The  average  latitude  of 
the  key  stations  is  130  N. 

Wind  reports  for  the  levels  2,  6,  10,  14,  20, 
25,  30,  35,  40,  45.  50,  and  55  thousand  feet 
were  taken  from  the  data  tabulations  of  the 
Daily  Series  Synoptic  Weather  Maps  prepared 
by  the  U.  S.  Weather  Bureau,  in  cooperation 
with  the  Army,  Navy  and  Air  Force  for  the 
period  from  x  July  1949  to  30  June  1950  for 
the  hour  0300  GMT  for  each  day.  For  the  6, 
10,  20,  30,  40,  and  55  thousand-foot  levels 
supplementary  data  as  reported  for  the  850, 
700,  500,  300,  200,  and  100  millibar  levels, 
respectively,  were  added,  although  preference 
was  given  to  constant-height  data  where 
available.  No  attempt  was  made  to  correct 
original  data,  although  in  a  few  cases  garbled 
reports  were  omitted.  The  frequency  of 
available  observations  at  the  various  levels  is 
given  in  table  2.  This  table  is  analogous  to  table 
5  in  (B)  in  that  it  gives  the  percentages  of  the 
total  possible  observations,  i.  e.,  365.  Each 
wind  observation  was  resolved  into  the  east¬ 
ward  component  11  and  northward  component 
t',  tabulated  in  m  sec-1. 


3.  Computation  of  transport* 

In  order  to  avoid  repetition,  only  a  brief 
statement  is  made  here  of  the  methods  used  to 
measure  the  angular-momentum  flux,*  the 
reader  desiring  more  details  being  referred  to 
(A)  and  (B).  The  notation  used  may  be 
summarized  as  follows: 


Table  2.  Percentage  of  total  possible  observa¬ 
tions  at  esc h  level  for  each  station 


Station 

Altitude 

in 

thousands  of  feet 

2 

6 

10 

It 

20 

25 

20 

35 

to 

iS 

SO 

55 

Gao . 

63 

65 

39 

46 

15 

1 

O 

O 

O 

0 

O 

O 

El  Fashcr  .... 

94 

92 

95 

87 

60 

U 

I  I 

X  I 

8 

4 

l 

I 

Aden  .  ...... 

44 

34 

53 

28 

47 

22 

45 

33 

38 

19 

<5 

33 

Trichinopoly . . 

99 

X 

99 

0 

90 

78 

73 

1 

O 

O 

O 

O 

Saigon . 

IOO 

95 

95 

75 

61 

I  I 

6 

3 

O 

0 

0 

O 

Clark . 

84 

86 

83 

75 

73 

S3. 

44 

33 

33 

33 

16 

II 

Yap . 

30 

23 

19 

12 

xo 

4 

2 

I 

1 

! 

0 

O 

Harmon  Field 

77 

83 

S3 

68 

so 

63 

73 

6l 

68 

50 

39 

28 

Kwajalcin .... 

9* 

95 

92 

86 

93 

79 

82 

63 

70 

49 

3  8 

34 

Johnson . 

82 

88 

86 

74 

S3 

66 

73 

S8 

64 

47 

34 

28 

Tehuantepec . . 

78 

73 

67 

47 

27 

3 

O 

O 

O 

O 

O 

O 

Managua  .... 
Plato  Magda- 

3 

11 

I  I 

I 

9 

0 

6 

I 

3 

I 

l 

0 

lena  . 

74 

«4 

83 

70 

83 

63 

65 

50 

47 

28 

9 

0 

Waller  Field . . 

93 

98 

97 

86 

93 

78 

88 

74 

81 

45 

50 

37 

Dakar . 

<55 

66 

62 

_53_ 

55 

47 

50 

44 

43 

35_ 

3  5 

il 

11  eastward  component  of  the  wind. 
t>  northward  component  of  the  wind. 

[a]  space  average  of  a  quantity  u  over  the 
length  of  die  complete  latitude  circle, 
a'  deviation  of  a  quantity  at  from  its  space 
average  [«]. 

a  time  average  of  a  quantity  a.  Time  and 
space  averaging  processes  are  not  neces¬ 
sarily  commutative. 

[*]'  deviation  of  the  space  average  |x]  from 
the  space-time  average  {*). 

{a}  arithmetic  mean  of  all  individual  observa¬ 
tions  of  a  at  a  given  level  during  entire 
time  period  considered. 
it  number  of  days  for  which  observations 
were  available  at  a  given  level. 

A"  number  of  individual  observations  present 
at  a  given  level  during  entire  time-period 
considered. 

r  coefficient  of  linear  correlation  for  the  N 
pairs  of  11  and  t'. 

In  (A)  it  was  shown  that  the  quantity  jx  v\ 
which  represents  the  northward  transport  of 
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linear  momentum  per  unit  mass  at  a  given 
level  may  be  resolved  into  three  components, 
namely: 

(i)  Transport  of  the  first  species,  |wj  [vj. 
This  component  represents  the  contribution 
due  to  a  net  meridional  mass  flux  jvj  during 
the  entire  period  at  the  level  in  question.  To 
die  extent  that  a  non-zero  value  of  [i/j  at  one 
level  is  usually  compensated  by  values 
having  an  opposite  sign  at  other  levels,  this 
component  depends  upon  the  existence  of  so- 
called  mean  meridional  circulations. 

(ii)  Transport  of  the  second  species,  [uY  [v]'. 
This  component  represents  the  contribution 
from  fluctuations  in  [i»]  due  to  its  possible 
correlation  with  [«]  in  time. 

(iii)  Transport  of  the  third  species,  ju'  v'J. 
This  component  represents  die  contribution 
due  to  a  correlation  between  11  and  v  along 
the  iengdi  of  the  latitude  circle.  It  does  not 
require  the  presence  of  net  air  motions  {vj 
or  (4 

Since  one  basic  question  involved  in  the 
subject  relates  to  the  role  of  mean  meridional 
circulations,  it  is  useful  to  form  the  quantity 
{«  v\  —  {m}  {i'l  which  is  analogous  to  the  sum 
of  the  transports  of  die  second  and  third 
species  although  the  mode  of  averaging  used 
is  slightly  different  as  explained  in  (A). 

The  results  arc  given  in  tabic  3  which  is  to 
be  compared  with  able  4  of  (B),  both  being 
of  the  same  basic  form.  The  tabic  gives  the 
transpons  of  each  of  the  three  species  in 
columns  6,  7,  and  8  together  with  various 
other  quantities  defined  in  icrnis  of  die  symbols 
already  recapitulated  here  and  explained  more 
fully  in  (A).  A  number  of  the  quantities  carry 
confidence  limits  defined  as  twice  the  standard 
error  indicating  approximately  the  95  per  cent 
confidence  level.  Vertical  integrals  of  several 
quantities  with  respect  to  mass  (standard 
atmosphere  pressure)  are  given  at  the  foot. 
These  figures  are  to  be  interpreted  as  the 
northward  transport  of  linear  momentum  per 
unit  length  of  the  latitude  circle  for  the  layer 
from  2  to  55  thousand  feet.  For  comparison 
the  corresponding  integrals  for  31“  N  as 
reported  111  (B)  arc  also  given  at  the  foot  of 
tabic  3. 


4.'  Discussion  of  numerical  results 

The  appraisal  of  the  numerical  results 
obtained  depends  upon  a  simultaneous  con¬ 
sideration  of  various  factors  which  might  limit 
the  accuracy  of  the  measurements  of  the  flux 
and  other  computations.  By  and  large  these 
factors  are  similar  to  those  enumerated  in  (A) 
and  to  some  extent  in  (B),  although  certain 
points  are  worthy  of  especial  note  in  view  of 
the  circumstances  of  the  present  study,  speci¬ 
fically  the  following: 

(a)  There  exists  a  rather  serious  gap  in  the 
station  network  extending  from  Johnson 
Island  eastward  to  Central  America.  There 
appears  to  be  no  source  of  reports  from  this 
region  which  is  known  to  the  writers. 

(b)  When  the  twelve  values  of  [t>]  given 
in  column  3  of  ublc  3  are  averaged  vertically 
with  respect  to  pressure  one  obtains  the  net 
meridional  air  flow  for  die  entire  layer.  This 
quantity  turns  out  to  be  —  0.16  m  see  -1.  Since 
it  is  quite  improbable  that  a  return  flow  exists 
below  2,000  ft.,  it  would  be  necessary  that  an 
average  northward  flow  of  rather  large 
magnitude  should  exist  in  the  remainder  of 
the  atmosphere  above  55,000  feet,  if  this  figure 
represents  actual  conditions.  This  appears  ro  be 
improbable.  The  most  likely  inference  to  be 
drawn  is  that  it  represents  evidence  of  a  slight 
lack  of  randomness  of  the  observations  with 
respect  to  the  troughs  and  ridges  of  the  stream¬ 
line  patterns,  which  in  turn  might  be  related 
to  the  gap  in  the  observational  network 
mentioned  in  (a)  above.  In  any  event  the 
figure  is  rather  excessive,  the  corresponding 
value  at  310  N  being  only  -f  0.04  m  sec-1  as 
obtained  from  data  in  (B). 

(c)  The  total  number  of  individual  wind 
observations  is  27,985  at  130  N  as  compared 
with  a  total  of  38,301  at  31°  N.  This  is  a  re¬ 
flection  of  2  poorer  station  network  and  more 
missing  reports.  This  and  other  shortcomings 
such  as  the  011c  discussed  in  (b)  might  be  made 
less  serious  by  using  more  than  one  year  of 
data. 

(d)  Resort  had  to  be  made  to  the  use  of 
relatively  more  pilot  balloon  stations  than  were 
used  at  3 1 ~.  This  fact  contributes  to  a  paucity 
of  observations  at  high  levels  and  may  be  a 
factor  contributing  ro  a  slight  lack  of  random¬ 
ness  discussed  in  (b). 
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(c)  The  range  of  latitude  of  the  individual 
key  stations  is  oniy  8  degrees  which  is  much 
less  than  for  the  network  at  ji°  N. 

(f)  A  Urge  number  of  alternative  stations 
was  used.  Tliis  in  itself  should  not  he  neces¬ 
sarily  detrimental  to  the  results,  except  to  the 
extent  that  a  lack  of  randomness  might  be 
introduced  in  the  data. 

(g)  The  confidence  limits  for  the  flux  [a  t’J 
and  the  component  [«'  v']  are  smal.er  at  13“ 
than  at  3  i°  N,  but  the  values  of  the  quantities 
are  also  smaller  so  that  on  the  wools  less 
confidence  is  indicated.  On  the  other  hand, 
the  alternative  method  of  averaging  given  in 
columns  10 — 14  of  table  3  gives  results  wliich 
compare  very  well  with  the  first  technique. 

Generally  speaking  the  data  fulfill  plausible 
expectations  such  as  those  mentioned  in  the 
introduction.  The  following  points  may  be 
noted:  _ 

(1)  The  vertical  integral  of  the  flux  [«  t>] 
may  be  converted  into  the  total  flux  of 
angular  momentum  by  multiplying  by  the 
length  of  the  torque  arm  and  the  length  of 
the  latitude  circle.  The  result  is  -j-  8.$  X  to4'* 
gm  cm®  sec-1,  which  is  considerably  smaller 
than  the  corresponding  value  at  31°  N,  i.  e., 
+  31.5  x  1025.  The  difference  represents  es-en- 
tially  the  rate  at  which  angular  motnei.  \  1  is 
acquired  from  the  surface,  since  probably  only 
small  contributions  to  rhe  fluxes  are  made  by 
the  portions  of  the  atmosphere  not  considered. 

(2)  The  largest  contribution  to  the  angular 
momentum  flow  across  13  *  N  is  due  to  the 
transport  of  the  third  species,  tlve  value  being 
•f  5-2  X  io®5  gm  cm*  sec1.  The  next  largest 
is  due  to  the  second  species,  the  value  being 

2.2  x  to25.  The  smallest  is  due  to  the  first 
species  of  transport,  i.  c.,  -t-  1.2  X  10s5.  Thus 
about  14  per  cent  of  the  total  is  brought  about 
by  mean  meridional  circulations,  according  to 
the  data. 

(3)  If  use  is  made  of  parentheses  to  indicate 
vertical  averaging  with  respect  to  standard 
atmosphere  pressure,  the  quantity  (M)  has  a 
value  of  — 0.16  m  sec1  as  already  stated. 
Similarly  ([»<])  turns  out  to  be  -f-  0.50  m  sec1. 
Since  one  may  write  that  [nj  =  ([h|)  +  [«}' 
with  a  similar  relation  involving  v  in  place  of 
11,  it  follows  that 

(M  !»'])  -  (["I)  M  -1-  U")'  14) 


The  term  on  the  left  is  a  measure  of  the 
transport  of  die  first  species  integrated  ver¬ 
tically.  The  first  term  on  the  right  represents  a 
portion  of  this  quantity  depending  on  (jvj) 
which  as  mentioned  before  may  be  spurious. 
Although  this  “correction'’  procedure  is  not 
recommended  as  a  substitute  for  better  obser¬ 
vational  material,  it  is  of  interest  to  note  that 
in  the  present  case  the  correction  is  of  negligible 
magnitude  compared  to  the  last  term  which 
contains  only  departures  from  the  vertical 
averages. 

(4)  In  the  process  of  calculation,  individual 
monthly  averages  of  {«'  v']  were  obtained  for 
the  twelve  levels  used.  Of  these  144  monthly 
values  98  were  positive  in  sign,  whereas  at 
31°  N  138  were  positive.  There  appears  to  be 
a  tendency  for  this  quantity  to  be  negative  at 
high  levels  as  is  also  shown  in  table  3.  However, 
caution  must  be  used  in  accepting  this  feature  in 
view  of  the  large  confidence  limits  associated 
with  these  data. 

{5)  The  correlation  coefficients  r  for  the  N 
pairs  of  it  and  v  given  in  column  14  of  table 
3  are  smaller  than  the  corresponding  ones  for 
3 1°  N  except  at  2,000  feet,  and  actually  become 
slightly  negative  at  the  highest  three  levels. 


5.  Some  meteorological  implications 

(a)  From  time  to  time  various  estimates  have 
been  made  of  the  strength  of  mean  meridional 
circulations  which  would  be  needed  in  order 
to  transport  die  net  amount  of  angular  momen¬ 
tum  across  given  latitude  circles  prescribed  by 
mean  surface  torques,  on  the  assumption  that 
the  entire  flux  is  of  die  first  species.  Two 
difficulties  attend  this  process.  In  the  first  place 
accurate  estimates  of  the  requirements  due  to 
surface  torques  arc  difficult  to  make.  In  the 
second  place  there  is  no  objective  method  for 
specifying  the  functional  dependence  of  [ v] 
on  elevation  (pressure).  It  is  of  interest  to 
substitute  the  total  flux  as  measured  by  studies 
of  die  present  kind  for  the  surface  torque 
requirements,  and  to  employ  a  variational 
method  to  specify  [c]  as  a  function  of  pressure. 
In  effect  one  thus  seeks  the  least  intense  merid¬ 
ional  circulation  which  could  bring  about  the 
stated  transport  T.  This  procedure  was  sug¬ 
gested  to  the  writers  by  Messrs.  E.  N.  Lorenz 
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Fig.  i.  Mean  meridional  circulations  in  m/sec  it  if  N 
and  at  J  i°  N  as  given  by  data  (full  curves).  Weakest 
mean  meridional  circulations  capable  of  transporting 
total  amount  of  angular  momentum  given  by  dashed 
curves. 

and  H.  L.  Kuo  of  the  Massachusetts  Institute 
of  Technology. 

The  process  takes  the  form  of  finding  the 
solution  of  the  variational  problem 

a 

8  /  [v]s  dp  =»  o 

b 

subject  to  the  side  conditions  that 

/  [v]  dp  =  o;  /{«]  [t/]  dp  -  KT 

6  b 

Here  standard  atmosphere  pressuresar  e  used, 


a  and  b  being  the  values  at  2,000  and  55,000 
feet  respectively.  The  dependence  of  [u]  on  p 
is  that  given  by  the  data  and  K  is  a  constant. 
The  result  is  simple  to  state  qualitatively.  The 
“least  square”  ceil  so  obtained  has  the  same 
shape  as  the  vertical  profile  of  [«],  but  displaced 
relative  to  the  origin  in  order  to  satisfy  the 
first  side  condition  which  stipulates  that  there 
shall  be  no  net  transport  of  air.  The  amplitude 
is  of  such  a  magnitude  as  to  satisfy  the  second 
side  condition,  i.  e.,  to  provide  the  specified 
momentum  transport. 

The  profiles  of  {t']  so  obtained  are  given 
by  the  dashed  curves  in  Fig.  1,  together  with 
the  actually  observed  profiles  (full  curves),  at 
13“  and  310  N.  The  contrast  between  the  two 
sets  of  curves  is  obvious  and  probably  cannot 
be  ascribed  to  poor  observational  material. 

It  would  of  course  be  possible  to  impose 
additional  side  conditions  upon  the  problem 
stipulating,  for  example,  that  the  mean  merid¬ 
ional  circulation  should  transport  stated 
amounts  of  energy  of  several  forms.  How¬ 
ever,  such  added  restrictions  would  not  lead 
to  less  vigorous  circulations  in  the  least  square 
sense. 

(b)  According  to  what  has  been  said  under 
(1)  of  die  previous  section  about  23  X  10*5 
gm  cm3  sec~l  represents  the  average  rate  at 
which  angular  momentum  is  supplied  to  the 
zone  between  130  and  310  N  by  surface 
torques.  Recent  estimates  of  such  surface 
torques  made  by  Priestley  (1951b)  from 
surface  stresses  yield  a  value  of  about*i  3  x  io25 
gm  cm2  sec'1. 

The  average  zonal  component  of  the  surface 
stress  for  the  belt  as  derived  from  the  present 
figures  is  approximately  0.53  dynes  cm-2, 
which  is  somewhat  larger  than  the  estimate 
used  by  Priestley. 
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ABSTRACT 

An  approximate  differential  equation  is  presented,  relating  the  change  in  speed  of  the  zonal  westerly 
winds  to  the  contemporary  zonal  wind-speed  and  the  meridional  flow  of  absolute  angular  momentum. 
This  equation  is  tested  statistically  by  means  of  values  of  the  momentum  flow  and  the  zonal  wind-speed, 
computed  with  the  aid  of  the  geostrophic-wind  approximation,  from  pressure  and  height  data  extracted 
from  analyzed  northern-hemisphere  maps.  The  momentum  flow  is  found  to  be  positively  correlated  with 
the  contemporary  zonal  wind-speed,  and  also  with  the  contemporary  change  of  the  zonal  wind-speed,  in 
agreement  with  the  approximate  equation.  The  study  suggests  that  the  momentum  flow  may  be  a  useful 
quantity  for  forecasting  the  zonal  wind-speed.  It  also  implies  that  an  important  part  of  the  momentum 
flow  is  accomplished  by  means  of  large-scale  horizontal  eddies,  whose  forms  are  not  obscured  by  the  use 
of  subjectively  analyzed  maps  nor  by  the  geostrophic-wind  approximation. 


1.  Introduction 

The  strength  of  the  prevailing  zonal  westerly  winds 
in  middle  latitudes  has  often  been  regarded  as  an  index 
of  the  state  of  the  general  circulation  of  the  atmos¬ 
phere.  Variations  in  the  speed  of  the  zonal' westerlies 
have  therefore  been  the  subject  of  numerous  investi¬ 
gations.  Another  subject  which  has  recently  received 
much  attention  is  the  balance  of  absolute  angular 
momentum  in  the  atmosphere.  Since  the  speed  of  the 
westerly  wind  at  a  specified  point  in  the  atmosphere 
and  the  absolute  angular  momentum  per  unit  mass  at 
that  point  completely  determine  each  other,  the  two 
subjects  are  closely  related. 

The  functional  relation  between  wind  speed  and 
angular  momentum  contains  a  latitude  factor;  how¬ 
ever,  within  a  region  whose  latitudinal  extent  is  small, 
the  average  westerly  wind-speed  and  the  total  angu¬ 
lar  momentum  determine  each  other  fairly  closely. 
Changes  in  the  total  angular  momentum  within  a 
region  bounded  by  two  latitudes  can  result  only  from 
a  meridional  flow  of  angular  momentum  across  the 
vertical  boundaries,  or  from  a  torque  exerted  by 
the  underlying  surface.  The  possibility  of  predicting 
changes  in  the  strength  of  the  zonal  westerly  winds 
on  the  basis  of  the  meridional  flow  of  angular  momen¬ 
tum  has  therefore  suggested  itself  to  several  investi¬ 
gators  [4;  5;  7]. 

A  reasonably  conclusive  test  of  the  prognostic  value 
of  the  meridional  flow  of  angular  momentum,  which 
for  brevity  may  be  called  simply  the  momentum  flow, 
requires  the  uce  of  data  for  a  long  period  of  time.  The 
earlier  studies  [5;  7J  were  handicapped  by  the  absence 

'The  research  resulting  in  this  paper  has  been  sponsored  by 
the  Geophysics  Research  Division  of  the  Air  Force  Cambridge 
Research  Center,  under  Contract  No.  AF  19(122)-153. 


of  more  than  one  or  two  months  of  data.  The  present 
study  has  used  data  for  the  momentum  flow  at  several 
latitudes  and  elevations  over  a  period  of  four  consecu¬ 
tive  months.  Less  complete  data  for  six  additional 
months,  collected  for  the  purpose  of  testing  relations 
which  appeared  to  be  significant  during  the  first  four 
months,  have  also  been  used.  Although  the  results  are 
of  a  preliminary  nature,  they  strongly  indicate  that 
the  momentum  flow  has  some  prognostic  value.  At 
the  same  time,  they  show  that  it  is  feasible  to  compute 
the  momentum  flow  on  a  day-to-day  basis  from  ana¬ 
lyzed  northern-hemisphere  maps. 

2.  An  approximate  equation 

The  absolute  angular  momentum  contained  in  a 
unit  mass  of  atmosphere  is  given  by  the  expression 

M  =  uit 1  +  ru,  (1) 

where  w  =  earth’s  angular  velocity,  r  —  distance  from 
earth’s  axis  and  «  =  eastward  component  of  wind 
velocity.  From  the  equation  for  istward  acceleration 
and  the  equation  of  continuity,  it  follows  that 

d{pM) i dt  +  div  pMc  -j-  dp/d\  -f-  rpD  —  0,  (2) 

where  t  =  time,  X  =  longitude,  p  =  pressure,  p  —  den¬ 
sity,  c  —  wind-velocity  vector  and  D  =  westward 
acceleration  due  to  friction.  If  (2)  is  integrated  over 
the  entire  volume  V  lying  north  of  a  vertical  constant- 
latitude  surface  5,  the  result  is 

—  f  PMdV+  f  (rpD  +  dV  =  f  pMvdS,  (3) 
dt  J  v  Jv  \  <5X  /  J  s 

where  v  —  northward  component  of  wind  velocity. 
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In  (3),  the  first  volume  integral  represents  the  total 
angular  momentum  contained  in  V,  while  the  second 
volume  integral  represents  the  total  torque  exerted 
upon  V  by  the  earth’s  surface,  this  torque  being  due 
partly  to  skin  friction  and  partly  to  horizontal  pres¬ 
sure-forces  exerted  by  topographic  irregularities  of  the 
earth’s  surface  (the  mountain  torque).  The  surface 
integral  represents  the  total  flow  of  angular  momentum 
northward  across  5. 

A  very  simple  approximation  to  (3)  is  the  equation 

dUJdt  +  KU  =  ar,  (4) 

where  U  is  the  average  low-level  westerly  wind-speed 
in  V,  t  the  total  flow  of  angular  momentum  northward 
across  S,  and  K  and  a  are  positive  constants  which 
depend  upon  the  latitude  of  S.  Equation  (4)  is  only 
an  approximation  to  (3),  for  a  number  of  reasons. 
First,  the  total  absolute  angular  momentum  within  a 
region  depends  not  only  upon  the  westerly  wind- 
speed,  but  also  upon  the  total  mass  within  the  region; 
moreover,  to  obtain  a  measure  of  total  angular  mo¬ 
mentum,  the  westerly  wind-speed  should  not  be  simply 
averaged,  but  should  be  weighted  more  strongly  at 
low  latitudes.  Second,  the  low-level  westerly  wind  is 
not  a  perfect  measure  of  the  westerly  wind  at  higher 
levels;  however,  Willett  £9J  has  found  that  the  sea- 
level  and  upper-level  westerly  winds  are  highly  corre¬ 
lated.  Third,  the  torque  exerted  by  skin  friction  is  not 
exactly  proportional  to  the  speed  of  the  low-level 
westerlies,  although  Widger  has  shown  that  a  high 
correlation  exists.  Fourth,  the  mountain  torque  has 
been  neglected;  however  White  [TOj  has  shown  that 
the  mountain  torque  and  the  skin  friction  torque  are 
correlated  in  latitude;  possibly  they  tend  also  to  be 
correlated  in  time,  although  such  a  relation  has  not 
yet  been  established. 

It  is  evident  that  these  approximations  make  (4) 
less  accurate  than  (3).  On  the  other  hand,  (4)  is  so 
simple  that  it  relates  the  speed  of  the  zonal  westerlies 
to  a  single  additional  quantity,  the  momentum  flow. 
With  sufficient  observational  data,  it  is  easy  to  subject 
(4)  to  statistical  tests.  The  results  of  the  tests  may 
be  regarded  as  a  measure  of  the  justifiability  of  the 
approximations  used. 

Some  statistical  properties  of  any  quantities  U  and 
r  satisfying  (4)  will  now  be  discussed.  If  the  period  of 
time  under  study  is  sufficiently  long,  the  first  two 
terms  in  (4)  must  be  uncorrelated,  since  a  contem¬ 
porary  correlation  between  U  and  dU/dt  would  imply 
progressive  variations  of  £/*.  The  sum  of  two  uncorre¬ 
lated  quantities  must  be  positively  correlated  with 
each  quantity,  but  not  perfectly  correlated  with  either. 
Significant  positive  contemporary  correlations  of  r 
with  both  U  and  dU/dt  should  therefore  be  present  in 
any  observational  data  which  claims  to  satisfy  (4), 
but  a  nearly  perfect  correlation  between  t  and  either 
U  or  dU/dt  is  not  to  be  expected  and  would,  in  fact, 


be  a  denial  of  (4).  It  follows  as  a  corollary  that  corre¬ 
lations  with  a  time  lag  between  r  and  U  should  be 
■ignificantly  positive  if  the  time  of  U  follows  that  of 
r  by  a  suitable  interval,  but  not  if  the  time  of  U 
precedes  that  of  t  by  a  similar  interval. 

3.  Preliminary  tests 

The  first  statistical  tests  were  j>erformed  with  the 
aid  of  data  which  had  been  previously  gathered  by  the 
Genera!  Circulation  Project  at  the  Massachusetts  In¬ 
stitute  of  Technology.  The  basic  data  had  been 
extracted  from  analyzed  northern-hemisphere  maps, 
and  consisted  of  individual  sea-level  pressures,  and 
700-  and  500-mb  heights,  at  each  5  deg  of  latitude  and 
longitude  covered  by  the  analyses,  for  each  day  of  the 
four-month  period  November  1945-February  1946. 
The  sea-level  and  500-mb  maps  were  taken  from  the 
Northern  hemisphere  historical  weather  maps  while 
the  700-mb  maps  were  photographic  copies  of  maps 
analyzed  by  the  Air  Weather  Service  and  the  U.  S. 
Weather  Bureau. 

From  these  basic  data,  daily  values  of  the  mo¬ 
mentum  flow  across  various  latitudes  were  obtained 
according  to  the  procedure  developed  and  described 
by  Widger  [_8].  Briefly,  in  the  absence  of  .net  mass- 
flow  across  a  given  latitude  circle  at  a  given  elevation, 
the  momentum  flow  is  nearly  proportional  to  the 
integral,  around  the  latitude  circle,  of  the  product  of 
the  eastward  and  northward  components  of  the  wind. 
Pressure  or  height  differences  across  10  deg  intervals 
of  latitude  and  longitude  were  used  to  measure  these 
components,  according  to  the  geostrophie-wind  equa¬ 
tion.  Such  differences  appear  in  the  formula 
n 

U*  ~  T.  W<P  —  5,  X)  -  h{<t>  +  5,  X)J 

S/S-l 

X  [*(*,  X  -F  5)  -  A(*.  X  -  5)],  (5) 

where  X)  is  the  500-mb  height  at  latitude  and 
longitude  X.  Upon  multiplication  by  a  suitable  factor, 
represents  the  momentum  flow  across  latitude 
within  a  layer  near  500  mb.  Analogous  expressions 
represent  the  momentum  flow  within  layers  near  700 
mb  and  sea  level.  The  sum  of  the  flows  in  these  three 
layers,  here  denoted  by  r*,  was  taken  to  be  the  total 
momentum  flow  across  latitude  0. 

Daily  values  of  the  average  sea-level  pressure  at 
various  latitudes  were  also  obtained  from  the  basic 
data.  The  average  sea-level  pressure  Pt  at  latitude  <t> 
was  assumed  to  be  the  simple  arithmetic  average 
of  the  72  individual  pressures  at  that  latitude.  The 
average  zonal  wind-speeds  in  various  regions  were 
measured  geostrophically  by  linear  combinations  of 
average  pressures. 

Since  r*  was  computed  from  geostrophic-wind  ob¬ 
servations,  it  evidently  includes  none  of  the  momentum 
flow'  due  to  mean  meridional  cells,  i.e.,  due  to  a  net 


-103- 


JOURNAL  OF  METEOROLOGY 


Volume  9 


Table  I.  Autocorrelations  of  daily  values  of  pressure  and 
momentum  flow  for  the  season  November  1945- 
February  1946.  Values  are  in  hundredths. 
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flow  of  mass  at  individual  elevations.  Instead,  it  in¬ 
cludes  only  the  flow  due  to  horizontal  eddies,  i.e.,  due 
to  correlations  in  the  horizontal  direction  between  the 
eastward  and  'iorthward  wind-components.  Further¬ 
more,  since  the  wind  components  used  were  averages 
over  10-deg  intervals,  only  the  flow  due  to  large-scale 
horizontal  eddies  is  included. 

It  was  anticipated  from  the  beginning  that  the  most 
significant  results,  statistically,  might  not  be  those 
predicted  hv  (4).  It  was  therefore  decided  to  make  a 
rather  exhaustive  study  involving  the  momentum  flow 
rt  across  each  of  the  four  latitudes  35, 45,  55  and  65 °N, 
and  the  average  sea-level  pressure  P*  at  each  of  the 
six  latitudes  25,  35,  45,  55,  65  and  75°N.  Daily  values 
of  each  of  these  ten  quantities  were  correlated  with 
values  of  each  other  quantity,  simultaneously  and  also 
with  time  lags  of  from  one  to  ten  days  in  each  direc¬ 
tion,  for  the  “season"  November  1945-February  1946. 
This  procedure  yielded  a  set  of  1045  distinct  correla¬ 
tion  coefficients,  including  375  of  pressure  with  pres¬ 
sure,  504  of  pressure  with  momentum  flow,  and  166 
of  momentum  flow  with  momentum  flow.  Because 
such  a  procedure  necessarily  involved  much  repeti¬ 
tious  labor,  it  seemed  feasible  to  perform  much  of  the 
computing  by  means  of  punched-card  machines.  The 
punched-card  computations  were  performed  by  the 
Statistical  Services  Section  at  the  Massachusetts  Insti¬ 
tute  of  Technology. 

The  most  pertinent  of  these  1045  correlations  appear 
in  tables  1,  2  and  3.  The  outstanding  feature  of  table  1 
is  the  contrast  between  the  high  day-to-day  persistence 
of  the  pressures  and  the  low  day-to-day  persistence  of 
the  momentum  flows.  This  feature  will  appear  to  be 
of  considerable  significance  from  the  forecasting  point 
of  view. 

Table  2  reveals  distinct  negative  correlations  be¬ 
tween  pressures  near  70°N  and  pressures  near  40°N. 
The  correlation  pattern  is  similar  to  patterns  obtained 

Table  2.  Contemporary  correlations  of  daily  values  of  pressure 
(heading  columns)  with  pressure  (heading  rows),  and  stand¬ 
ard  deviations  of  pressure,  for  the  season  November 
1945-February  1946.  Correlation  values  are  in 
hundredths,  and  standard  deviations  are  in  mb. 
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by  the  writer  [2]  for  correlations  between  five-day 
mean  sea-level  pressures  during  seven  winter  seasons. 
The  pattern  is  interpreted  as  showing  that  the  prin¬ 
cipal  sea-level  pressure  variations  during  the  season 
resulted  from  shifts  of  mass  between  two  zones,  one 
centered  near  70°N  and  one  near  40®N.  The  double 
maximum  of  standard  deviation  seems  to  support 
this  idea. 

If  the  strength  of  the  zonal  westerlies  is  measured 
by  the  difference  between  a  pressure  in  the  southern 
zone  and  a  pressure  in  the  northern  zone,  it  is  evident 
that  strong  zonal  winds  may  be  identified  with  a  con¬ 
centration  of  mass  in  the  southern  zone.  One  can, 
indeed,  compute  correlations  involving  zonal  wind- 
speeds  from  the  standard  deviations  and  correlations 
in  table  2.  For  example,  if  Uu  =  Pu  —  Pu,  the  con¬ 
temporary  correlations  between  Uu  and  Pn,  Pu,  Pu, 
Pu  and  Pu  are  found  to  be  —0.71,  —0.91,  0.17,  0.86 
and  0.64,  respectively.  The  previously  mentioned  study 
by  the  writer  [2]  suggested  that  the  zonal  wind-speed 
Uu  was  a  good  index  for  the  major  fluctuations  of  the 
general  circulation. 

Correlations  of  momentum  flow  with  sea-level  pres¬ 
sure  and  wind  speed  appear  in  table  3.  It  is  perhaps 
a  matter  of  opinion  which  of  these  correlations  are 
significant,  but  the  following  features  stand  out.  With 
no  time  lag,  and  also  with  pressure  following  momen¬ 
tum  flow,  the  momentum  flow  at  each  latitude  is 
correlated  positively  with  Pu  and  Pu,  insignificantly 
for  the  most  part  with  Pu,  and  negatively  with  Pu 


Table  3.  Correlations  of  daily  values  of  sea-level  pressure  and 
zonal  wind-speed  (heading  columns)  with  momentum  flow 
(heading  rows),  for  the  season  November  1945- 
February  1946.  Values  are  in  hundredths. 

Positive  lag  indicates  that  pressure  or 
wind  speed  follows  momentum  flow. 
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and  PH.  With  pressure  preceding  momentum  flow,  the 
correlations  are  mostly  insignificant.  In  the  light  of 
the  interpretation  of  table  2,  it  appears  that  above¬ 
normal  values  of  momentum  flow  in  middle  latitudes 
tend  to  be  accompanied  and  also  followed,  but  not 
preceded,  by  a  concentration  of  mass  in  the  southern 
zone,  whence  they  must  also  tend  to  be  accompanied 
by  increasing  mass  within  the  southern  zone.  Equiva¬ 
lently,  above-normal  values  of  the  momentum  flow 
tend  to  be  accompanied  by  strong  zonal  westerly 
winds,  and  also  by  increasing  zonal  westerly  winds, 
while  below-normal  values  of  the  momentum  flow  tend 
to  be  accompanied  by  weak  and  decreasing  zonal 
westerly  winds. 

The  correlations  between  momentum  transport  and 
wind  speed  in  table  3  therefore  have  the  signs  pre¬ 
dicted  by  (4).  It  must  be  admitted,  of  course,  that  the 
average  wind  speed  Uu  between  45  and  65  °N  is  not 
the  same  as  the  average  wind  speed  north  of  a  given 
latitude,  to  which  (4)  refers.  Nevertheless,  the  theo¬ 
retical  usefulness  of  (4)  seems  to  be  confirmed. 

Table  4.  Correlations  of  four-day  mean  values  of  momentum  flow 
(heading  rows)  with  values  of  sea-level  pressure  and  zonal 
wind-speed  on  the  fifth  iy  (heading  columns),  for 
the  season  November  1945-February  1946. 

Values  are  in  hundredths. 
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The  magnitudes  of  the  correlations  seem  perhaps 
disappointingly  small,  and  appear  at  first  to  cast  some 
doubt  upon  the  practical  value  of  (4).  A  closer  inspec¬ 
tion,  however,  shows  that  tables  1  and  3  together 
imply  the  existence  of  considerably  higher  correla¬ 
tions.  For  example,  table  3  shows  that  Uu  has  a  mod¬ 
erately  high  correlation  with  the  value  of  rH  at  the 
same  time,  and  also  with  the  value  of  rw  two  days 
earlier.  Table  1  shows  that  values  of  ru  separated  by 
two  days  are  almost  independent  quantities  statis¬ 
tically,  in  the  sense  that  the  correlation  is  near  zero. 
When  a  quantity,  here  Uu,  is  correlated  with  each  of 
two  independent  quantities,  its  correlation  with  some 
linear  combination  of  these  quantities  is  considerably 
higher.  The  correlation  can  further  be  increased  by 
introducing  a  third  independent  quantity,  the  value 
of  rH  four  days  earlier.  It  would  be  possible  to  com¬ 
pute  the  linear  combinations  which  give  the  highest 
possible  correlations,  but,  to  illustrate  the  point,  it 
seems  sufficient  to  exhibit  the  correlations  between 
values  of  momentum  flow  averaged  for  four  successive 
days  and  pressure  and  wind  speed  on  the  fifth  day. 
The  increased  magnitude  of  these  correlations,  which 
appear  in  table  4,  over  those  in  table  3  is  apparent. 
The  correlations  suggest  that  (4)  may  lead,  after  all, 
to  some  rules  having  forecasting  value. 


4.  Further  tests 

It  is  evident,  from  the  preceding  section,  that  zonal 
wind-speed  and  momentum  flow  were  related  during 
the  season  studied.  Rather  than  find  the  best  relations 
for  that  season,  it  seems  more  desirable  to  find  rela¬ 
tions  which  hold  during  each  of  several  seasons. 

The  choice  of  additional  seasons  was  determined  by 
the  readily  available  data.  The  basic  data  in  this  case 
were  made  available  through  the  kindness  of  the  U.  S. 
Weather  Bureau — Massachusetts  institute  of  Tech¬ 
nology  Extended  Forecasting  Project.  The  data  con¬ 
sisted  of  individual  sea-level  pressures  and  500-mb 
heights,  which  had  been  extracted  from  analyzed 
northern-hemisphere  maps,  at  each  5  deg  of  latitude 
and  10  deg  of  longitude  covered  by  the  analyses,  for 
each  day  of  the  year  1949.  The  maps  were  taken  from 
the  latest  northern-hemisphere  weather-map  series  f  6]. 
From  this  year,  two  “seasons”  of  three  months  each 
were  chosen,  one  consisting  of  January,  February  and 
March,  and  the  other  consisting  of  October,  November 
and  December. 

For  these  two  seasons,  only  the  500-mb  data  were 
used  in  computing  momentum  flow.  Daily  values  of 
the  momentum  flow  were  computed  from  the  formula 

V-JE  A(*  -  2i,  X)[A(*  +  2|,  X  +  10) 

-  k«,  +  2},  X  -  10)J.  (6) 

In  (6),  the  height  difference  in  brackets  is  a  geostrophic 
measure  of  the  northward  component  of  the  wind,  so 
that  t/  appears  to  be  a  sum  of  products  of  a  height 
with  a  wind  component,  rather  than  a  sum  of  products 
of  wind  components,  like  r,1  in  (5).  However,  it  can 
be  seen  that  t/  actually  is  a  sum  of  products  of  wind 
components,  when  it  is  observed  that  (6)  may  be 
expanded  to  become 

V  -  1  £  0(*  -  2|,  X)  -  k U  +  2J.  X)] 

A/10-. 

X  [A(*  -  2},  X  f  10)  -  h(+  -  21,  X  -  10) 

+  A(*  +  21,  X  +  10)  -  h(*  +  2},  X  -  10) J.  (7) 

In  (7),  the  eastward  component  of  the  wind  at  latitude 
4>  is  multiplied  by  the  average  of  the  northward  com¬ 
ponents  at  latitudes  4  —  21  and  ^  +  2}. 

Formula  (6)  is  perhaps  the  simplest  possible  formula 
for  computing  geostrophic-momentum  flow  directly 
from  tabulated  data.  It  may  easily  be  altered  slightly, 
to  be  applicable  to  data  tabulated  for  each  5  deg  of 
longitude  rather  than  each  10  deg.  In  such  a  form,  it 
has  been  discussed  in  detail  by  the  writer  [3J. 

From  the  daily  values  of  momentum  flow,  a  set  of 
four-day  mean  values,*  overlapping  every  two  days, 
was  constructed.  That  is,  if  D  is  the  first  day  of  the 

*  Four-day  means  were  chosen  for  convenience  in  computation. 
Nearly  the  same  results  should  be  expectec.'  from  the  use  of  five- 
day  means,  such  as  those  used  by  the  U.  Ji.  Weather  Bureau  in 
extended  forecasting. 
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season  for  which  momentum  flow  is  measured,  and 
D'  is  the  last  day,  the  first  four-day  period  consists  of 
A  D  +  I,  D  +  2  and  D  +  3,  the  second  consists  of 
D  +  2,  D  +  3.D+4  and  D  +  5,  tic.,  and  the  last 
consists  of  iy  —  3,  D‘  —  2,  D‘  —  1  and  D'. 

Daily  values  of  the  average  sea-level  pressure  at 
various  latitudes  were  also  obtained  for  these  two 
seasons.  Four-day  mean  values  were  then  determined. 
Zonal  wind-speeds  were  again  represented  by  linear 
combinations  of  pressures.  In  order  that  contemporary 
and  lag  correlations  during  one  season  might  all  be 
based  upon  the  same  number  of  pairs  of  values,  average 
sea-level  pressures  were  determined  for  four  additional 
days  at  the  beginning  and  also  at  the  end  of  each 
season.  Thus,  the  first  four-day  period  for  pressures 
and  wind  speeds  consists  of  D  —  4,  D  —  3,  D  —  2  and 
D  —  1,  while  the  last  consists  of  D'  4-1,  D'  - f-  2, 
D'  +  3  and  D'  +  4. 

Similar  four-day  averages  were  also  determined  for 
the  season  November  1945-February  19415.  As  with 
the  other  two  seasons,  only  the  momentum  flow  com¬ 
puted  from  the  500-mb  maps  was  used.* 

Four-day  mean  values  of  momentum  flow  were  then 
correlated  with  values  of  pressure  and  wind  speed, 
simultaneously  and  also  with  time  lags  of  two  and 
four  days  in  each  direction,  for  each  of  the  three 
seasons.  The  highest  correlations  discovered  involved 
the  momentum  flow  rM.»  across  latitude  52.5°N  and 
the  zonal  wind-speed  Uu  —  P*t  —  Pu-  The  results  are 
summarized  in  table  5.  In  this  table,  r  denotes  the 
four-day  mean  value  of  TK.it  while  U  denotes  the  four- 

day  mean  value  of  Uu-  The  symbols  U _ ,  f/_,  U+ 

and  f/++  also  denote  four-day  mean  values  of  Uu, 
occurring,  respectively,  four  days  earlier,  two  days 
earlier,  two  days  later  and  four  days  later  than  the 
values  of  U.  Thus,  the  correlation  of  t  with  U  is 
contemporary,  while  those  of  r  with  U — ,  U-, 
b\  and  U++  are  lag  correlations.  The  difference 

f/++  —  U _ evidently  represents  the  eight-day  change 

of  the  four-day  mean  value  of  Uu •  Thus,  the  correla¬ 
tion  between  t  and  £/++  —  U _ may  be  regarded  as 

a  contemporary  correlation  between  r  and  the  rate 
of  change  of  U. 

'Actually,  to  make  use  of  earlier  computations,  the  quantity 
t'm  i  was  replaced  by  a  nearly  equal  quantity,  the  average  of  t*u 
and  as  computed  by  (5).  It  is  not  believed  that  any  of  the 
results  are  noticeably  affected  by  this  substitution. 

Table  5.  Correlations  involving  four-day  mean  values  of  the 

momentum  flow  across  latitude  52.5°N  and  the  sea-level 
zonal  wind-speed  between  45'  and  65'N. 

Values  are  in  hundredths. 


Item 

Quantities  correlated 

Nov.  4  S- 
Feb.46 

Jan.-Mir.  Oct.- Dec 
49  49 

i 

T 

t/„ 

i4 

09 

01 

2 

r 

u. 

35 

27 

30 

3 

r 

u 

60 

50 

59 

4 

r 

i\ 

68 

62 

60 

5 

r 

u„ 

60 

59 

40 

6 

r 

V,,-  U- 

41 

53 

36 

7 

V 

U+\(U„-  U-) 

72 

67 

66 

8 

u 

u.„ 

64 

79 

52 

9 

U  +  Jr 

70 

82 

53 

The  correlation  coefficients  in  table  S  are  in  general 
agreement  with  (4).  The  first  five  items  show  that,  as 
anticipated,  the  momentum  flow  is  not  highly  corre¬ 
lated  with  the  speed  of  the  zonal  westerlies  if  the 
westerlies  precede  the  flow,  but  that  there  are  fairly 
high  correlations  if  the  westerlies  accompany  or  follow 
the  flow.  Thus,  as  shown  by  the  sixth  item,  the  flow 
is  positively  correlated  with  the  change  in  the  speed 
of  the  zonal  westerlies. 

In  the  seventh  item,  U  +  J(f/++  —  U _ )  is  merely 

a  typical  linear  combination  which  has  a  high  cor¬ 
relation  with  t  for  each  season.  It  is  not  necessarily 
the  combination  having  the  highest  correlation  for 
any  particular  season.  Since  U++  —  U—  represents 
an  eight-day  change,  the  coefficient  J  would  be  in 
agreement  with  (4)  if  \/K  =  4  days.  These  correla¬ 
tion  coefficients  may  be  regarded  as  a  measure  of  how 
closely  the  computed  values  of  the  two  sides  of  (4) 
actually  balance. 

The  eighth  item  is  simply  an  autocorrelation,  which 
measures  the  persistence  of  the  zonal  wind-speed  after 
four  days.  In  the  ninth  item,  U  +  Jr  is  a  typical 
combination  of  U  and  r  which  is  well  correlated  with 
£/++  for  each  season.*  Evidently  each  correlation  in 
item  9  is  higher  than  the  corresponding  one  in  item  8, 
so  that  U  -+-  jr  is  a  quantity  which  in  each  season 
leads  to  a  bettcr-than-persistence  forecast  for  the  speed 
of  the  zonal  westerlies  four  days  later. 

It  frequently  occurs  that  two  meteorological  quan¬ 
tities  are  highly  correlated  during  a  period  of  several 
months  simply  because  they  have  similar  normal 
seasonal  trends.  It  might  thus  appear  that  some  of 
the  high  correlations  in  table  5  are  merely  the  result 
of  seasonal  variations,  rather  than  shorter-period  irreg¬ 
ular  fluctuations.  A  standard  method  for  testing  such 
an  idea  consists  of  removing  the  seasonal  trend  from 
the  data. 

The  values  of  r  so  far  computed  are  insufficient  for 
determination  of  the  seasonal  trend  of  t.  On  the  other 
hand,  the  seasonal  trend  of  U  can  be  determined  with 
moderate  precision.  “Normal”  values  of  U  have  been 
estimated  by  the  writer  [23  from  monthly  normal 
values,  based  upon  forty  years  of  northern-hemisphere 
maps.  These  normal  values  were  subtracted  from  the 
observed  values  of  U  for  the  three  seasons  under  study. 
The  computations  summarized  in  table  5  were  then 
repeated. 

Although  some  changes  were  observed  for  individual 
seasons,  the  average  correlations  for  the  three  seasons 

of  t  with  U,  and  with  U++  —  U _ ,  were  virtually 

unaltered.  It  therefore  does  not  appear  that  the  corre¬ 
lations  in  table  5  are  the  result  of  a  relationship 
between  the  seasonal  trends  of  r  and  U. 

It  can  hardly  be  claimed  that  the  results  presented 
in  table  5  constitute  a  complete  verification  of  (4). 

4  Since  U  and  r  are  dimensionally  different,  the  coefficient  i  in 
U  +  \t  must  be  dimensional.  It  is  applicable,  in  this  study,  when 
Uu  ”  Pu  —  Pu  is  expressed  in  tenths  of  mb,  and  r,i ,  is  com¬ 
puted  from  (6),  with  n(4>,  X)  expressed  in  hundreds  of  ft. 
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For  one  thing,  it  is  hard  to  identify  the  measured 
quantities  U  and  r  in  table  5  with  the  quantities  U 
and  r  in  (4),  since  the  average  wind-speed  between  45 
and  65°N  is  not  the  same  as  the  average  wind-speed 
north  of  52.5°N.  It  must  be  admitted  that  the  quan¬ 
tities  rM.s  and  Uu  were  chosen  for  presentation  in 
table  5  because  of  the  resulting  high  correlations. 

Aside  from  this  consideration,  the  correlations  in 
item  7  of  table  5  are  far  from  perfect.  Nevertheless, 
they  appear  to  the  writer  to  be  gratifyingly  high.  It 
would  be  difficult  to  say  exactly  how  large  a  correla¬ 
tion  must  be  under  these  conditions  to  be  “significant.” 
but  the  stability  of  the  correlations  from  one  season 
to  another,  together  with  their  general  agreement  with 
the  theory,  makes  it  seem  highly  improbable  that  they 
are  merely  the  result  of  chance. 

5.  Conclusion 

'T'he  flow  of  angular  momentum  across  certain  lati¬ 
tudes  is  found  to  be  positively  correlated  with  both 
contemporary  and  subsequent  values  of  the  zonal 
wind-speed  at  certain  latitudes.  The  relations  appear 
to  be  in  general  agreement  with  theory.  Considerable 
further  research,  involving  several  years  of  additional 
data,  will  be  required  to  determine  what  relations  will 
most  likely  prove  consistently  good.  When  these  rela¬ 
tions  are  found,  an  additional  basis  for  forecasting  the 
speed  of  the  zonal  westerly  winds  will  have  been 
established. 

Although  the  results  so  far  obtained  have  not  yet 
greatly  improved  the  statistical  prediction  of  the  zonal 
wind-speed,  they  do  possess  far-reaching  implications 
concerning  the  nature  of  the  flow  of  angular  momen¬ 
tum  It  should  be  remembered  that  the  computations 
involved  are  based  on  geostrophic  winds,  determined 
from  subjectively  analyzed  maps,  by  means  of  contour 
heights  at  points  separated  by  several  hundred  kilo¬ 
meters,  at  the  single  level  of  500  mb,  once  a  day.  Since 
fairly  high  correlations  were  found,  it  would  seem  that 
an  important  part  of  the  flow  of  angular  momentum 
is  obtained  * rom  the  computation  procedure  There¬ 
fore,  there  appears  to  be  strong  evidence  in  favor  of 
the  following  claims: 

1.  An  important  part  of  the  flow  of  angular  momentum 
is  accomplished  through  the  medium  of  horizontal  eddies. 

2.  An  important  part  of  the  flow  of  angular  momentum 
due  to  horizontal  eddies  is  due  to  iutge-scale  horizontal 
eddies,  whose  forms  can  be  described  by  specifying  the 
wind  vectors  at  points  separated  by  several  hundred 
kilometers. 

3.  The  forms  of  the  large-scale  horizontal  eddies  are  so 
definite  that  they  are  not  obscured  by  the  necessarily  sub¬ 
jective  analysis  of  northern  hemispheie  maps,  nor  by  the 
use  of  the  geostrophic-wind  approximation. 

4.  An  important  part  of  the  flow  of  angular  momentum 
can  be  deduced  from  measurements  at  one  level. 

5.  An  important  part  of  the  flow  ol  angular  momentum 
can  be  deduced  from  observations  taken  once  a  day. 


It  should  be  noticed  that  each  of  the  above  claims 
refers  to  an  important  part  of  the  flow  of  angular 
momentum,  and  not  to  the  entire  flow  Thus,  the  very 
same  observations  which  lead  to  these  claims  also 
suggest  methods  for  increasing  the  numerical  values 
of  the  correlation  coefficients  obtained.  Because  of  the 
sparse  distribution  of  observing  stations,  particularly 
at  certain  longitudes,  it  hardly  seems  feasible  at  pres¬ 
ent  to  measure  the  desired  flow  of  angular  momentum 
on  a  daily  basis  through  observed  winds,  rather  than 
geostrophic  winds.  Neither  does  it  seem  feasible  to 
measure  the  flow  due  to  small-scale  eddies,  although 
the  use  of  data  at  every  5  deg  rather  than  every  10  deg 
of  longitude  might  be  desirable.  On  the  other  hand, 
it  is  altogether  feasible  to  measure  the  large-scale 
geostrophic.  flow  at  several  levels  instead  of  one.  Such 
a  procedure  may  yield  numerically  higher  correlation 
coefficients.  Finally,  the  low  day-to-day  persistence  of 
the  flow  of  angular  momentum  suggests  that,  even 
though  an  important  part  of  the  flow  can  be  deduced 
from  obsevations  taken  once  a  day,  a  significant  part 
may  also  be  lost.  Computations  of  the  flow  at  12-hr 
rather  than  24-hr,  intervals  may  w’ell  give  numerically 
higher  correlations  than  those  so  far  obtained. 
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A  MULTIPLE-INDEX  NOTATION  FOR  DESCRIBING 
ATMOSPHERIC  TRANSPORT  PROCESSES 


EDWARD  N.  LORENZ* 

Massachusetts  Institute  of  Technology 
Cambridge ,  Mass. 

Ia  *  celebrated  paper,  Reynolds  (1894)  used  an  equation  of  the  form 

F  -  F  +  F*  (1) 

to  express  an  arbitrary  quantity  F  as  the  sum  of  its  mean  value  F  over  a  given  region  and  its  departure  F' 
from  its  mean  value.  Equation  (1)  leads  to  the  important  equation 

F&-FG+WG'  (2) 

for  the  mean  value  of  the  product  of  two  arbitrary  quantities  F  and  G,  if  variations  of  F  and  G  within  the 
region  are  neglected. 

If  mean  values  of  a  quantity  with  respect  to  each  of  several  independent  variables  are  to  be  considered, 
the  notation  of  Reynolds  requires  some  amplification.  It  is  possible  to  introduce  several  symbols,  one  for 
the  mean  with  respect  to  each  variable.  Alternatively,  it  is  possible  to  let  the  same  symbol  denote  the  mean 
with  respect  to  any  variable,  and  to  let  the  position  of  the  symbol  specify  the  variable.  The  notation 
described  in  this  note  is  based  upon  the  latter  procedure. 

The  notation  was  originally  developed  for  treating  meteorological  problems  involving  the  total  flux  of 
certain  quantities  across  specified  latitudes.  It  is  described  as  it  applies  to  such  problems.  It  may  easily 
be  modified  to  apply  to  other  problems. 

At  a  specified  latitude,  the  quantities  involved  may  he  regarded  as  functions  of  longitude  X,  time  t  and 
pressure  p.  To  indicate  mean  values  of  these  quantities,  and  departures  from  mean  values,  it  is  convenient 
to  attach  triple  subscripts  to  tlie  symbols  for  the  quantities.  The  first  subscript  refers  to  longitude,  the 
second  to  time  and  the  third  to  pressure.  A  subscript  "1 "  refers  to  the  mean  value  with  respect  to  the 
appropriate  variable;  the  subscript  ”2"  refers  to  the  departure  from  the  mean  value.  A  subscript  "0” 
indicates  that  no  averaging  has  been  performed  with  respect  to  the  particular  variable.  Since  each  of  the 
three  subscripts  may  take  on  any  of  three  values  0,  1  and  2,  an  arbitrary  quantity  F  determines  a  set  of  27 
quantities  F<y*.  Of  these  quantities,  those  having  not  more  than  one  subscript  different  from  "0”  are 
defined  by  the  equations 


*  Tbe  research  reported  in  this  paper  waa  sponsored  by  the  Geophysics  Research  Directorate,  AK  Cambridge  Kourcb  Center, 
under  Contract  No.  AF  19(122)  -153. 
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Hie  remaining  quantities  are  defined  by  the  equation 

F at  **  {{F (6e)o/s)««** 

In  Eq.  (4),  tt  and  t%  are  the  limits  of  the  time  interval  under  consideration  and  p9  is  a  standard  pressure  near 
sea  level.  It  is  evident  that  Eq.  (6)  is  also  valid  when  not  more  than  one  of  the  subscripts  i,  j,  k  is  different 
bom  **0”. 

From  Eqs.  (5)  and  (6),  it  follows  that 

Ft/t  ■»  Fijb  +  Fta 

*  Fat  +  Flti 
Fuc  “  Fifi  +  F{ii 

Equations  (7)  are  analogous  to  Eq.  (1).  Corresponding  equations  analogous  to  Eq.  (2),  involving  two 
arbitrary  functions  F  and  C,  are 

(^s/sGsjsJiu  *  (FijJ}ijk)m  4-  (Ft/iGtjk) m 
(Ei0*C<M)m  —  (Ffi*Ga*}m  +  (^<*sG.u)iu 
(FijtGij<>)m  **  (FiflGifl)m  +  (F wGiji)m 

Equations  (7)  and  (8)  are  useful  for  expanding  or  recombining  terms  in  relations  containing  the  appropriate 
quantities. 

Repeated  application  of  Eqs.  (7)  leads  to  the  following  unique  expansion  of  F  as  a  sum  of  quantities 
not  containing  the  subscript  ”0”: 

F  «=  Fui  -f-  F m  -p  Fia  4-  Fm  +  F,m  +  F*a  +  Fta  +  m  23  Fa*  (9) 

1 

Equation  (9)  may  be  regarded  as  the  generalization  of  Eq.  (1)  to  the  case  of  three  independent  variables. 
The  corresponding  generalization  of  Eq.  (2)  for  the  mean  value  of  the  product  of  F  and  G  is 

(FG)n i*  T  (Fli4G04)ui.  (10) 

♦.71- 1 


which  follows  from  repeated  application  of  Eqs.  (8). 

It  is  sometimes  convenient  to  use  less  complete  expansions  for  F  and  (FG)n,  than  Eqa.  (9)  and  (10). 
Thus  Priestley  (1949),  and  also  Starr  and  White  (1951),  have  expanded  the  total  flux  r  of  relative  angular 
momentum  across  a  given  latitude  into  the  sum  of  three  terms.  The  expansion  used  by  Starr  and  White  is 
not  identical  with  that  used  by  Priestley,  and  the  two  expansions  have  subsequently  been  compared  by 
Starr  and  White  (1952).  Use  of  the  multiple-index  notation  can  further  enhance  the  comparison. 

Within  the  time  interval  between  ti  and  tv  the  flux  r  is  given  by 


r 


R*  cos*  d>.  dt  dp 


-  2*JfP  cos*  4(q  -  ti)g  '*ps(u»)w 


<li) 


where  R  U  the  earth’s  radius,  4>  is  the  latitude,  g  is  the  acceleration  of  gravity,  u  and  v  are  the  eastward  and 
northward  components  of  the  wind  velocity,  and  the  Sux  between  the  standard  pressure  p*  and  the  actual 
surface  of  the  earth  is  omitted.  It  is  possible  to  expand  the  flux  r  into  a  sum  of  eight  terms  according  to 
Eq.  (10).  A  recombination  of  some  of  these  terms  leads  to  the  less  complete  expansion 

(no)ai  =s  («usi?iia)iu  4*  (uiM®iw)m  4*  (u»6»us)m  4*  (uik***o)uii  (12) 

which  is  the  most  complete  expansion  in  which  mean  values  of  u  and  v  with  respect  to  pressure  are  absent. 
A  further  recombination  of  the  second  and  fourth  terms  on  the  right  of  Eq.  (12)  yields  tire  expansion 

(u»)ui  =*  (Uuc-ua)iu  4"  (iiuor-ao)iu  +  (ae»s£ose)iit,  (13) 

which  is  the  expansion  used  by  Priestley  (1949).  A  recombination  of  the  third  and  fourth  terms  on  the 
right  of  Eq.  (12)  yields  the  expansion. 

(**®)m  “  (uu#t,uo)m  4-  (ui*#fii«)ui  4"  (u*oorjoo)ni,  (14) 

which  is  the  expansion  used  by  Starr  and  White  (1951). 
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SuifiAiKIF 

Harmonic  analyses  of  the  mean  northern -hemisphere  wind  held  for  the  year  1950  along  latitude!  30°, 
45“  and  60°  are  presented.  The  seasonal  variations  of  these  spectra  are  investigated  and  the  relative  contribu¬ 
tions  of  the  various  scales  of  mean  eddies  to  the  meridional  transport  of  angular  momentum  are  calculated. 


1.  Introduction 

By  examining  the  harmonic  analysis  of  the  mean-wind  map  it  is  possible  tc  obtain  valuable 
information  concerning  the  nature  of  the  standing  eddies  in  the  atmosphere.  Of  particular 
interest  in  this  regard  are, 

(1)  the  determination  of  the  wave  lengths  (or  wave  numbers)  of  the  dominant  eddies  which  are 
present  on  the  mean  map  as  a  function  of  latitude, 

(2)  the  determination  of  the  seasonal  variation  of  the  amplitude  and  phase  of  the  harmonics. 
This  is  of  special  interest  in  view  of  the  current  controversy  regarding  the  relative  importance  of 
the  heating  and  of  mountains  in  giving  rise  to  the  standing  eddies,  and 

(3)  the  determination  of  the  contributions  of  the  various  scales  of  standing  eddies  to  the 
meridional  transport  of  angular  momentum. 

With  a  view  to  obtaining  insight  into  these  questions,  harmonic  analyses  of  the  mean 
conditions  for  the  year  1950,  based  on  the  500-mb  data  presented  by  Buch  (1954),  have  been 
performed.  As  a  preliminary  to  presenting  the  results  we  shall  briefly  set  down  the  basic  relation¬ 
ships  used  in  the  study. 

2.  Basic  concepts 


Any  regularly-behaving  function  of  longitude,  / (A),  specified  along  a  given  latitude,  <f>,  and 
pressure  surface,  p,  may  be  expressed  in  terms  of  a  Fourier  representation  having  the  form, 


/(A)  -  (/]  4-  T  | F  (n)|  cos  n  (A  -  <  („» 

n«l 

where  the  bracket,  defined  by 

"2m 


«-ij! 


OdA 


(1) 

(2) 


denotes  the  zonal  average,  n  denotes  the  wave  number  around  the  latitude  circle,  and  |F(n)j  and 
«  (n)  are  the  amplitude  and  phase  angle  respectively  of  the  nth  harmonic  component.  These  latter 
quantities  are  given  explicitly  by  the  relations, 


and 


|F(n)|  =  t^i2(«)  +^22 


(">]* 


e  ( rt'k 


l.W.  /nil 


(3) 

(4) 


(n)  and  (n)  being  the  real  and  imaginary  parts  of  the  complex  Fourier  coefficient, 

F(n)  =  -  f'/(A)e“^dA 

n  J  o 

=  (n)  -  i*t  (n) . (5) 
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In  the  present  study  we  shall  consider  the  Fourier  analysis  of  the  eastward  component  of  the 
mean  wind  a,  and  the  northward  component  of  the  mean  wind  v.  We  shall  denote  the  complex 
Fourier  coefficients  corresponding  to  these  quantities  by 

U(n)  -  *i(n) -i«a(») 

and 

V(n)  -  rl  (n)  -  i  r2  („) 

respectively. 

The  spectral  function  for  the  meridional  eddy  transport  of  relative  angular  momentum 
across  latitude  <j>  per  unit  pressure  difference,  due  to  the  standing  eddies,  is  given  by  the  relation 
(cf.,  Van  Isacker  and  Van  Mieghem  (1956)) 

T  in)  -  [*,  (n)  -r\  (n)  +  (n)  r2  („)] ,  .  .  .  (6) 

where  a  is  the  radius  of  the  earth  and  g  is  the  acceleration  of  gravity. 

In  performing  the  harmonic  analysis  it  is,  of  course,  necessary  to  select  a  finite  number  of 
harmonics  as  the  basis  foi  the  Fourier  representation.  In  the  present  case  harmonics  up  io  wave 
number  12  were  computed,  based  on  information  at  36  points  around  the  hemisphere. 


3.  Results 

As  noted  in  the  introduction,  in  this  study  we  are  concerned  with  the  spectral  properties  of 
the  mean  500-mb  wind  field  for  the  year  1950.  In  particular,  the  Fourier  resolutions  along  the 
30°,  45°  and  60*  latitude  circles  were  selected  for  investigation. 
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Figure  1.  Amplitude  spectra  of  meridional  and  zonal  components  of  the  500-mb  mean  wind  for  the  year  1950 
denoted  by  ]  V(n)|  (first  column)  and  |U  (n)|  (second  column),  respectively.  Solid  line  indicate*  annual  mean; 
dashed  line,  winter  mean;  and  dotted  line,  suranfr  mean.  Units  are  m/sec. 
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The  mean- wind  maps  were  constructed  by  Bach  (1954)  on  the  bases  of  average  actual  wind 
conditions  reported  at  81  stations  in  the  northern  hemisphere.  ‘  Summer  ’  and  '  winter '  means 
were  obtained  by  dividing  the  year  into  two  6-month  periods;  (April-September)  and  (January- 
March,  October- December)  respectively.  The  spectra  obtained  for  these  seasons  will  therefore 
not  necessarily  agree  with  those  obtained  from  the  July  and  January  mean  maps  to  which 
reference  is  usually  made  (e.g.,  Scherhag  1948.  Sutcliffe  1951). 

The  amplitude  spectra,  |  Vj  and  j  \J\,  are  presented  in  Fig.  1.  It  should  be  noted  that  these 
are  discrete  ‘  line  ’  spectra  and,  as  such,  have  meaning  only  for  the  integral  values  of  wave  number. 
Continuous  lines  have  been  drawn  only  to  aid  visually  in  tracing  the  variations  of  the  spectra. 

The  variations  of  V  around  the  hemisphere,  measured  in  the  wave  number  domain  by  j  V  (n)|, 
are  closely  indentified  with  the  waves  appearing  in  the  mean  streamline  field.  On  the  other  hand, 
the  variations  of  B,  measured  in  the  waye-number  domain  by  j  U  (n)|,  depend  on  the  streakiness 
in  the  velocity  of  the  mean  zonal  current  around  a  latitude  circle,  associated,  for  example,  with  the 
meandering  of  the  mean '  jets  Cream.' 

The  harmonics  which  are  most  prominent  in  the  J  Vj -spectra  are  those  of  wave  number  1  and 
2  at  60°;  wave  number  3,  4  and  5  at  45®;  and  wave  numbers  1.  2  and  6  at  30°.  In  general,  the 
variations  of  t)  around  the  latitude  circle  are  most  pronounced  at  60°,  being  of  progressively 
smaller  amplitude  at  45°  and  30°. 

The  amplitude  spectra  for  the  zonal  component  of  the  mean  wind,  j  U  (n)j,  are  shown  in  the 
second  column  of  Fig.  1.  It  may  be  seen  that  most  of  the  variation  is  concentrated  in  the  longer 
waves  with  a  maximum  at  wave  number  1  at  all  three  latitudes.  This  large  amplitude  of  wave 
number  1  is  a  reflection  of  the  fact  that  the  mean  hemispheric  vortex  is  not  symmetrical  with 
respect  to  the  pole,  an  occurrence  which  has  been  reported  in  detail  by  LaSeur  (1954).  The 
variations  of  zonal  velocity  are  most  pronounced  at  low  latitudes,  the  reverse  of  the  latitudinal 
distribution  of  |  V  (n)j.  In  general,  the  variation  of  the  zonal  component  of  the  wind  around  a 
latitude  circle  is  more  pronounced  than  the  variation  of  the  meridional  component,  as  evidenced 
by  the  higher  amplitudes  |  U  (n)j. 

The  spectral  distributions  for  the  winter  and  summer  means  are  shown  by  the  dashed  and 
dotted  curves  respectively.  For  certain  wave-lengths  striking  seasonal  changes  in  the  amplitudes 
are  revealed.  For  example,  J  V  (5)j  at  <)>  =  45°  is  very  small  for  the  summer  period  whereas  its 
value  is  quite  high  in  the  winter.  Wave  number  4  at  ^  =*  30*  shows  a  similar  seasonal  change  with 
the  maximum  in  this  case  occurring  in  the  summer. 
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Figure  2.  Schematic  representation  of  the  prominent  waves  which  comprise  the  winter  and  summer  mean 
fields  of  the  meridional  component  of  velocity.  Trough-line*  are  located  at  the  intersection  of  the  abscissa 
and  the  wave  progressing  from  a  minimum  to  a  maximum. 
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If  the  amplitude  of  an  harmonic  in  the  annual  mean  wind  field  lies  nearly  mid-way  between 
the  summer  and  winter  values,  it  is  implied  that  there  is  little  phase  shift  of  that  Fourier  component 
with  the  seasons.  It  may  be  seen  that  in  many  cases  this  is  not  true,  indicating  that  appreciable 
phase  differences  between  harmonics  in  the  winter  and  summer  streamline  patterns  actually  exist 
In  order  to  investigate  this  phenomenon  in  greater  detail  the  phase  angles  t  (n)  were  computed  for 
the  four  harmonics  in  the  D-fteld  having  the  greatest  amplitude  at  each  latitude.  The  results  are 
schematically  represented  in  Fig.  2.  The  waves  shown  (drawn  to  scale)  are  those  for  the  variations 
of  the  meridional  component  of  the  mean  velocity,  so  that  a  ‘  trough  line '  is  located  at  the  inter¬ 
section  of  the  abscissa  and  the  curve  which  progresses  from  a  minimum  to  a  maximum.  Short 
vertical  lines  have  been  drawn  through  tiiis  intersection  to  facilitate  an  inspection  of  the  seasonal 
phase  shift.  In  many  cases  these  phase  shifts  are  of  the  order  of  a  quarter  of  a  wave  length,  a 
notable  exception  being  the  high  amplitude  harmonic,  n  --  2.  at  60'N  which  undergoes  very 
little  change  in  position, 

In  Fig.  3  the  spectra  of  the  meridional  transport  of  angular  momentum  across  the  three 
latitudes  studied  due  to  the  ‘  standing  *  eddies  are  presented.  The  net  transport  at  30°  and  45“ 
is  northward  with  a  southward  transport  occurring  at  60°.  At  ail  latitudes  the  longer  waves  are 
most  active  in  effecting  the  transport,  wave  number  1  being  of  particular  importance  during  the 
winter  at  low  latitudes. 

4.  Discussion 

The  ot  serrations  reported  here  reveal  some  of  the  spectral  properties  of  the  mean  hemispheric 
flow  pattern  for  the  year  1950.  These  properties  must  be  related  to  the  irregularities  in  the  surface 
of  the  earth  manifested  by  differences  in  orography  and  heating.  The  relative  importance  of  these 


Figure  3.  Spectra  of  the  meridional  transport  of  relative  angular  momentum  per  unit  pressure  difference 
across  latitude*  30*.  45°  and  60*  due  to  the  standing  \  positive  sign  indicates  t  northward  momentum 

transport.  Units  are  10**  gm*  sec  *  mb"1. 
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two  factors  has  been,  discussed  by  several  writers  (e.g.,  Chamey  and  Eiiassen  1949.  Bolin  1950, 
Sutcliffe  1951,  Smagorinsky  1953,  Frenzen  1955)  but,  as  yet,  a  complete  theory  by  which  one  can 
explain  observations  of  the  type  described  here  has  not  been  achieved.  In  view  of  the  complex 
nature  of  tine  spectral  distribution  of  the  mean  Sow  and  the  irregular  seasonal  variation  of  the 
harmonics  with  regard  to  both  amplitude  and  phase,  it  is  likely  that  such  a  theory  will  involve 
both  orography  and  heating  in  a  complicated  manner. 
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ON  THE  HEMISPHERIC  CORRELATIONS  OF 
VERTICAL  AND  MERIDIONAL  WIND  COMPONENTS 

hy  Alfred  C.  Molla,  Jr.  (*)  &  Cyriavue  J.  Lolsel  (•) 


Summary  —  Using  the  values  of  vertical  velocities  computed  by  Jensen  (I960) 
and  the  values  of  the  meridional  component  of  the  wind  for  the  months  of  January  and 
April  1958,  the  covariances  of  both  quantities  were  evaluated  at  different  levels  at  var¬ 
ious  latitudes.  These  covariances  are  tabulated  and  the  terms  associated  with  tran¬ 
sient  eddies  are  compared  to  the  standing  eddy  terms,  the  relative  magnitudes  of  both 
contributions  being  finally  investigated. 

R/jurn/  —  En  employant  les  valeurs  du  mouvement  vertical  calcul6es  par  Jensen 
(I960)  et  les  valeurs  des  composantes  mlridionales  des  vents  pour  les  mois  de  Janvier 
et  Avril  1958,  lee  covariances  des  deux  quantitla  ont  tit  evalules  aux  different*  niveaux 
dans  difftrentea  latitudes.  Ccs  covariances  sont  tabulles  et  les  valeurs  associlcs  aux 
perturbations  transientes  et  stationnaires  sont  comnartes  a  fin  de  donner  un  aper^u 
sur  I'importance  relative  des  deux  prods. 

1.  Introduction  —  In  recent  years  the  approach  to  the  problem  of  describing 
and  explaining  the  general  circulation  of  the  earth’s  atmosphere  has  been  one  of 
examining  certain  requirements  deduced  from  the  broad  dynamic  principles  gov¬ 
erning  atmospheric  motions.  These  requirements  are  then  looked  at  in  the  crit¬ 
ical  light  of  observational  fact. 

With  such  a  program  in  view  it  is  necessary  that  the  results  of  many  individual 
studies  should  be  systematically  amassed  for  later  interpretation.  The  writers 
wish  therefore  to  make  a  particular  contribution  to  these  efforts,  namely  one  deal¬ 
ing  with  the  correlation  of  vertical  and  meridional  wind  components. 

2.  Procedure  and  Results  —  Jensen  (1960)  made  an  extensive  study  of  northern 
hemisphere  vertical  flux  processes  in  which  he  introduced  a  finite  difference  equation 
for  computing  the  12-hour  time-averaged  vertical  velocity  for  a  layer  between  two 
isoliaric  surfaces  using  data  from  a  single  station.  The  laborious  task  of  actually 
computing  the  vertical  velocities  was  performed  by  the  Climatic  Center  at  Ashville 
N.  C.  and  fortunately  these  data,  through  Jensen,  were  available  to  the  present 
writers.  In  addition  the  corresponding  horizontal  wind  components  were  also  pro¬ 
vided  by  the  Climatic  Center. 


(*)  Current  address  of  A.  C.  Molla,  Jr.  is  Headquarters,  Air  Vi  eather  Service,  Scott 
lie  Force  Hose,  Illinois ,  current  address  of  C.  J.  Loisel  is  the  Federal  Aviation  Agency, 
Itlantic  City,  Afeir  Jersey,  USA. 
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l  aing  these  data  and  an  analysis  discussed  by  Starr  &  White  (1952),  wo 
calculated  the  zonal  standing  eddy  and  the  transient  eddy  convariances  as  a  function 
of  pressure  layers  around  latitude  circles.  W  e  will  riot  enter  into  a  detailed  discus¬ 
sion  of  the  statistieal  analysis;  rather,  the  reader  is  referred  to  Starr  &  White. 
Briefly,  using  the  notation  of  Starr  &  White,  we  write: 
at  time  average  of  a  quantity 
[ot ]  space  average  over  a  latitude  circle 
a  deviation  from  the  time  average 

a"  deviation  of  the  time  average  from  the  zonal  average. 

For  the  quantities  under  discussion  we  may  write; 

(!) 

and 


[tet’j  i  fieVj 


(2)  | it’  r)  [u>]  (t’J  i-  (to"  i>"j  . 

(lombinirig  (1)  and  (2)  we  iitid: 

(3)  |wv]  [to]  {c{  4-  l tv"  v"]  4-  (le'e'J  . 

The  terms  of  (3)  may  he  intepre.ted  as  follows: 

[ire]  cither  is  a  measure  of  the  northward  transport  of  vertical  momentum, 
or  is  a  measure  of  the  upward  flux  of  northward  momentum  through  a  given  level 
and  over  a  given  time  interval. 

[«c]  [n]  is  the.  mean  meridional  trausport  effect.  This  term  cannot  be  eval¬ 
uated  with  suflirient  accuracy  to  justify  including  it  in  our  results.  In  effect  we 
subtract  it  from  both  sides  of  equation  (3). 

[io'V' j  is  the  zonal  standing  eddy  contribution  to  the  transfer  process. 
It  is  due  to  the  spatial  correlation  between  the  time  means,  w  and  e  along  a  lati¬ 
tude  circle. 

ju>V|  is  the  transient  eddy  contribution,  a  time  correlation  between  in¬ 
stantaneous  values  of  ir  and  r  at  individual  points  along  a  latitude  circle. 

Specifically,  the  dalu  available  to  the  writers  were  a  tabulation  of  the  three 
quantities  given  below,  for  each  of  approximately  100  northern  hemisphere  stations 
north  of  20"  N.  for  each  of  seven  pressure  layers,  1000-850,  850-700,  700-500,  500-300, 
300-200,  200-10*1,  and  100-50  mb,  for  the  months  of  january  and  April  1958. 

a)  tc  monthly  averaged  vertical  motion  in  cm  sec-1.  The  daily  value  computed 
from  the  equation  derived  by  Jensen  (i960). 

h)  i  the  monthly  averaged  northward  component  of  the  horizontal  wind 
in  m  sec"1. 

c)  ic'r'  the  time  covariance  between  the  vertical  motion  and  northward 
component  ol  the  horizontal  wind  in  cm  m  see-*. 

A  polar  stereographie  base  rnap  (scale  approximately  1  ;  40  million)  was  used 
to  plot  charts  of  the  above  three  quantities  for  each  month  and  each  pressure  layei. 
A  careful  analysis  of  the  [dotted  data  was  performed  and  grid  point  values  were  pick¬ 
ed  (off  for  each  10"  of  longitude  for  latitudes  20°  through  50°  IS  and  for  each  30" 
of  longitude  for  latitudes  60”  thru  80”  \.  liquation  (2)  was  used  to  calculate  the 
zonal  standing  eddy  contribution.  A  zonal  averaging  of  the  the  time  covariance 
grid  point  values  gave  us  the  transient  odd v  contribution. 
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The  serial  standing  eddy  contributions,  [te'V'J,  are  listed  in  Tables  1  and  2 
for  January  and  April  respectively.  The  maximum  January  value  is  339  cm2  sec“2 
found  at  the  500-300  mb  level  at  40°  N.  In  comparison  the  April  value  of  245  cm2 
sec  3  although  occurring  at  the  same  level  is  shifted  north  to  the  TO'1  latitude  cir¬ 
cle  snd  is  somewhat  smaller.  We  could  perhaps  anticipate  these  results  by  consid¬ 
ering  that  the  maximum  winds  are  usually  found  in  the  mid- tropospheric  layers 
and  that  a  general  weakening  and  northward  shift  of  the  strongest  wind?  to  the  high 
latitudes  occurs  in  the  spring.  The  dominant  contribution  to  the  net  transport 
comes  from  the  transient  eddies,  the  standing  eddy  effects  being  50  per  cent  smaller 
in  almost  every  case.  Wo  therefore  have  evidence  that  the  time  varying  eddies 
plav  a  larger  roll  in  this  transport  process  than  do  the  semipermanent  standing  eddies. 


3' A  set  I 


'/.anally  averaged  standing  eddy  term  {te',  i>"|  lu>  t‘I  — | icj  [e(  in  cm1  sec  *  X 
A  10s  by  pressure  layer  and  latitude  for  January  1958. 


Pressure 
layer 
in  mb 

20 

30 

40 

50 

60 

70 

!i 

i: 

80  ji 

ii 

j 

1000-850 

0.052 

0.512 

1.638 

1.863 

0.373 

0.189 

0.326 

850-700 

0.108 

0.340 

0.892 

—  0.210 

0.245 

—  0.268 

-  0.126  : 

700-500 

—  0.187 

—  0.743 

—  0.087 

0.933 

0.500 

0.386 

0.383  ' 

500-300 

—  0.558 

—  0.971 

3.390 

2.726 

1.146 

0.192 

—  0.329 

300-200 

1.836 

—  0.248 

1 .857 

1.318 

0.598 

0.820 

—  0.016  ! 

200-100 

0.876 

0.620 

0.790 

1.014 

0.613 

0.838 

o.os2  ; 

100-50 

— -  0.074 

—  0.361 

■  0.424 

0.598 

0.745 

-  0.298 

0.879  ji 

I 

Table  2  -  /anally  averaged  standing  eddy  term  [w"  v "J  | w  vj  —  [wj  {vf  in  cm*  sec  *  X 

X  10*  by  pressure  layer  and  latitude  for  April  1958. 


Pressure 
layer 
ir>  mb 

20 

30  • 

40 

50 

60 

70 

li 

i! 

80  I] 

!i 

1000-850 

—  0.246 

0.356 

0.599 

1.351 

0.879 

0.541 

i! 

; 

0.132 

850-700 

0.299 

-  0.089 

0.207 

—  0.383 

1.084 

1.909 

0.486  1 

700-500 

0.300 

0.244 

—  0.247 

—  0.351 

0.758 

0.983 

0.695  j 

500-300 

—  0.262 

0.310 

0.951 

-  0.070 

1.179 

2.448 

1.646  j 

300-200 

0.609 

—  1.129 

1.255 

1.98! 

1.025 

—  0.017 

0.283 

200-100 

0.121 

0.100 

0.234 

0.075 

0.268 

0.123 

0.076  li 

100-50 

—  0.061 

--  0.138 

—  0.152 

0.009 

—  0.005 

— ■  0.007 

—  0.022  j! 

_ _ _ 

_ 

r  , _ 

_ — 

.  1  _ 

! 

The  values  of  the  transient  eddies  jteV),  are  listed  by  month,  pressure  layer 
and  latitude  in  Tables  3  and  4.  We  find  consistent  positive  values  of  the  covariance 
in  the  layers  below  100  mb,  in  agreement  with  the  well  known  concepts  of  rising 
northward  moving  air  and  subsiding  southward  moving  air. 

The  reversal  of  the  correlation  at  the  100-50  mb  layer  is  of  particular  interest. 
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We  find  negative  values  in  both  months  for  latitudes  20"  through  50"  N  which 
indirectly  support  the  somewhat  novel  concept*  of  a  northward  convergence  of 
ozone  (Martin  1956;  Newell  1961),  and  a  stratospheric  eountergradienf  heat 
flow  (Stahr  &  White  1954). 


Table  3  -  '/.anally  averaged  covariance  of  vertical  notion  and  northward  component  of  the 
horitonial  wind  (transient  eddy  term)  {w  v'J,  in  cm1  sec  2  x  10s  by  pressure  layer  and 

latitude  for  January  1958. 


i  Pressure- 

layer 
in  mb 

1 

j 

|  20 

| 

30 

40 

50 

60 

70 

]: 

:j 

80  j 

|i 

1000-850 

j 

1  1.095 

3.661 

3.500 

3  .972 

0.917 

3.500 

—  0.833  j 

850-700 

|  0.857 

3.242 

3.653 

2.472 

0.958 

1.958 

0.042  i' 

|  700-500 

1  0.738 

3.538 

4.625 

3.653 

1.542 

2.333 

1.333  | 

500-300 

|  2.609 

11.917 

9.056 

3.431 

3.167 

7.250 

1.833  ; 

!  300-200 

j  2.461 

6.971 

8.444 

4.944 

4.750 

3.500 

0.583  ; 

i  200-100 

j  2.400 

2.231 

1.667 

2.58.3 

3.667 

1.667 

1.000  : 

100-50 

j  —  0.333 

—  0.972 

—  1 .028 

—  1.111 

1. 417 

1.083 

1.000 

Table  4  -  lion  ally  averaged  covariance  of  vertical  motion  and  northward  component  of  the 
horizontal  wind  (transient  eddy  term)  [w'  v'),  in  cm1  sec'1  X  10*  by  pressure  layer  and 

latitude  for  April  1958. 


Pressure 
layer 
in  mb 

20 

.30 

" 

40 

’ 

50 

60 

70 

80 

1000-850 

0.400 

1.833 

—  0.361 

—  1.417 

—  1.083 

‘ 

—  1.000 

850-700 

0.739 

3.639 

4.667 

3.417 

0.750 

msm 

700-500 

1.545 

5.679 

6.611 

4.722 

2.333 

■ns 

—  0.167 

500-300 

2.636 

6.250 

3.722 

4.917 

3.583 

0.167 

300-200 

1.474 

8.969 

8.833 

7.000 

3.583 

0,667 

200-100 

0.870 

1.226 

0.083 

0.583 

-  0.158 

—  0.862 

—  0.750 

_ 

—  0.056 

0.250 

Kfl 

Martin  using  a  small  data  sample  collected  over  a  limited  region  found  subsid¬ 
ence  occurring  along  southerly  trajectories  with  a  corresponding  increase  of  ozone. 
Our  results,  indicating  a  subsidence  with  northward  moving  air,  are  substantially 
in  agreement,  reaffirming  his  conclusions.  In  addition,  Newell’s  independent 
studies  of  the  czone  question  in  this  lower  stratospheric  layer  also  require  negative 
correlations.  In  fact,  our  100-50  mb  covariance  values  fit  neatly  with  his  finding. 

The  negative  covariances  found  likewise  provide  a  mechanism  essential  for 
the  countergradient  flux  of  sensible  heat  discussed  by  Stark  &  White.  Air  mov¬ 
ing  northward  in  the  stratosphere  is  found  to  descend  and,  by  adiabatic  warming, 
increases  the  temperature  at  a  particular  level.  This  effect  permits  a  horizontal 
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eddy  transport  of  heat  in  a  dense  contrary  to  what  we  would  normally  expect,  con¬ 
sidering  the  usual  southward  gradient  of  temperature.  The  negative  covariance 
between  w  and  r  in  the  lower  statosphere  thus  supports  and,  to  a  degree,  explains 
the  work  done  hy  Stakh  &  White. 
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Preliminary  Study  of  Quasi-Horizontal  Eddy  Fluxes  from  Meteorological 

Rocket  Network  Data1 

Reginald  E.  Newell 
M  tissachuselis  I  intitule  oj  Ttehtwlegy 
{Manuscript  received  24  January  1963) 

ABSTRACT 

The  meridional  transport  of  relative  angular  momentum  by  transient  eddies  is  computed  from  the  wind 
data  so  far  available  from  the  Meteorological  Rocket  Network  for  the  25-60  km  region.  The  transport  is 
northward  in  winter  and  apparently  of  sudden t  magnitude  to  account  for  the  formation  of  the  winter 
polar  vortex.  It  is  suggested  that  the  eddies  arise  in  response  to  the  differential  heating  within  the  region 
produced  by  radiational  effects.  Zonal  available  potential  energy  and  its  generation  are  calculated  and  com¬ 
pared  with  the  kinetic  energy.  The  transformation  of  eddy  kinetic  energy'  to  zonal  kinetic  energy  Is  of  the 
same  order  cf  magnitude  as  the  generation  of  zonal  available  potential  energy.  The  importance  of  eddy 
structures  as  compared  with  mean  meridional  motions  appears  to  be  similar  to  the  earlier  findings  for  the 
troposphere  and  lower  stratosphere.  It  is  concluded  that  the  region  from  25-60  km  may  generate  its  own 
kinetic  energy  in  situ  in  winter  and  be  essentially  energetically  independent  of  the  troposphere. 

An  alternative  explanation  for  the  high  temperature  of  the  winter  polar  mesosphere  based  upon  considera¬ 
tions  concerning  the  eddies  is  put  forward. 


1.  Introduction 

Students  of  the  earth’s  planetary  circulation  will  be 
aware  that  there  is  presently  in  progress  considerable 
speculation  concerning  the  circulation  of  the  upper 
atmosphere,  '-pecifically  the  region  from  30  to  100  km. 
In  some  respects  the  arguments  are  similar  to  those 
previously  applied  to  the  circulation  at  lower  levels.  It 
will  be  recalled  that  for  a  considerable  number  of  years 
the  prevailing  view  was  held  that  the  atmospheric  heat 
engine — or  that  portion  of  it  termed  the  troposphere — 
satisfied  its  heat  budget’s  requirements  by  convective 
overturning  in  meridional  planes,  or  mean  meridional 
motions.  Theoretical  work  by  Jeffreys  (1926)  suggested 
that  the  angular  momentum  budget  could  not  be 
satisfied  by  such  mean  meridional  motions  as  long  as 
surface  friction  were  present.  The  budget  could  be 
balanced  by  quasi-horizontal  northeasterly  and  south¬ 
westerly  sti  earns  of  air  occurring  side  by  side  rather 
than  one  above  the  other  as  in  the  mean  meridional 
motion  scheme,  Jeffreys  pointed  out  that  such  streams 
are  characteristic  of  cyclones  and  that  cyclones  are 
therefore  an  integral  part  of  the  atmospheric  general 
scheme  and  not  simply  a  perturbation  on  the  mean 
zonal  flow  which  indeed  could  not  exist  without  them. 
These  ideas  were  extended  by  Starr  (1948)  who  showed 
that  the  positive  correlation  between  meridional  and 
zonal  components  of  the  wind  required  by  Jeffreys’ 
theory  was  in  evidence  on  most  weather  maps  in  the 


1  The  investigation  was  supported  principally  by  the  Atomic 
Energy  Commission  under  contract  No.  AT(30-I)2241. 


form  of  the  tiited  troughs  of  middle  latitudes  and  in  the 
anticyclones  of  the  subtropical  region  and  was  not 
simply  a  characteristic  of  cyclones.  Starr  proposed  that 
the  momentum  transports  be  evaluated  from  actual 
wind  data  and  such  studies  have  been  in  progress  at 
Massachusetts  institute  of  Technology  since  that  time 
under  his  direction.  A  mass  of  observational  data  has 
been  processed  which  clearly  demonstrates  the  domi¬ 
nance  of  quasi-horizontal  eddy  motions  in  both  the 
angular  momentum  and  the  heat  budgets.  [See  for 
example  Starr  (1954)  for  the  details  of  this  considerable 
undertaking.  See  also  Bjerknes  and  Mintz  (1955)  for  a 
description  of  work  at  University  of  California  at  Los 
Angeles  on  these  matters.]  This  is  not  to  imply  that 
mean  meridional  motions  do  not  exist  in  the  tropo¬ 
sphere;  indeed  the  observations  show  the  existence  of  a 
three  cell  structure  with  southward  drift  in  the  upper 
troposphere  of  middle  latitudes  (Tucker,  1959;  Mura¬ 
kami,  1960)  which  is  presumed  to  compensate  for  the 
frictionally  induced  northward  drift  in  the  region  of  the 
surface  westerlies.  The  observed  mean  meridional 
motions  are  in  accord  with  the  modern  theoretical  de¬ 
velopments  such  as  those  of  Eady  (1950),  Phillips 
(1954)  and  Kuo  (1956b). 

Starr  used  observations  from  the  surface  up  to  100 
mb;  in  1954  no  large  data  sample  was  available  to  extend 
the  calculations  to  higher  levels.  Other  workers  made 
some  deductions  concerning  the  circulation  of  the  lower 
stratosphere  from  water  vapor  and  ozone  distributions. 
Observations  of  these  trace  substances  could  apparently 
best  be  interpreted  in  terms  of  a  mean  meridional  circu¬ 
lation  in  the  stratosphere,  with  a  northward  drift  from 
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low  to  middle  and  high  latitudes  (Brewer,  194*5;  Dob 
son,  1956).  The  model  has  also  been  extended  to  account 
for  observations  of  radioactive  fission  products  by 
Stewart,  Osmond,  C rooks  and  Fisher  (195?)  arid  Machta 
(195?);  a  somewhat  dilTerer.t  mean  cell  model  was  also 
proposed  for  this  purpose  by  Libby  and  Palmer  (1960). 
As  discussed  by  the  present  writer  elsewhere  (Newell 
1961,  1963a)  the  distributions  of  ozone  and  radioactive 
tracers  could  be  explained  equally  well  on  the  basis  of 
quasi  horizontal  eddy  transports  in  the  stratosphere; 
furthermore  it  has  proved  possible  to  account  for  the 
main  features  of  the  ozone  distribution  with  such  a 
model,  as  first  suggested  by  Martin  (1956).  One  addition 
to  the  model,  namely  that  the  principal  region  of  strato¬ 
spheric-tropospheric  mass  exchange  occurs  in  tiie 
vicinity  of  the  middle  latitude  baroclinic  zone  and  con¬ 
comitant  jet  stream  (see,  e.g.,  Danielsen,  1960;  Staley, 
I960),  allows  the  two  main  features  of  the  distribution 
of  long-term  fission  products  in  the  troposphere  (the 
middle  latitude  maxima  and  spring  maxima)  to  be 
explained.  The  information  on  unique  tracers,  particu¬ 
larly  tungsten  185,  tan  only  be  interpreted  with  the 
assumption  that  eddv-mixing  processes  are  predominant 
over  mean  motions  in  the  lower  stratosphere.  (Feeiy  and 
f'par,  1960;  Friend  el  al.,  1961).  The  crucial  test  should 
perhaps  come  from  the  meteorological  wind  observa¬ 
tions.  During  the  past  year  several  of  my  colleagues 
working  with  Professor  V.  P.  Starr  have  completed 
portions  of  a  climatological  study  of  the  International 
Geophysical  Year  stratospheric  data  and  have  found 
equatorward  motion  in  the  100-30  mb  region  over  a 
wide  zone  in  middle  latitudes.  The  observations  again 
reveal  motions  opposite  to  those  expected  prior  to  a 
detailed  examination  of  the  meteorological  data.  It 
should  be  noted  that  the  data  were  processed  so  as  to 
reveal  not  only  the  mean  meridional  motions  directly 
but  also  to  reveal  the  mean  meridional  motion  necessary 
to  balance  the  angular  momentum  budget  of  the  region. 
The  former  work  has  been  reported  by  Barnes  (1962) 
and  Oort  (1962);  the  latter  by  Dickinson  (1962).  A 
similar  mean  meridional  cell  pattern  exists  for  the 
southern  hemisphere  (Obasi,  1963). 

The  atmosphere  in  the  30-100  km  region  has  also  been 
supposed  to  possess  a  mean  meridional  ceil  structure. 
Kellogg  and  Schilling  (1951)  have  invoked  such  a 
scheme,  while  Murgatroyd  and  Singleton  (1961)  and 
Iiaurwitz  (1961)  have  actually  calculated  mean  meridi¬ 
onal  motions  using  various  assumptions.  The  validity 
of  these  predictions  cannot  be  judged  properly  until 
substantial  data  on  meteorological  motions  is  available 
for  these  levels  from  a  global  network  of  stations.  It  is 
clear  that  such  a  desirable  state  of  affairs  will  not  prevail 
for  many  years.  Nevertheless  a  small  step  in  this  direc¬ 
tion  has  been  taken  by  the  establishment  of  the  Meteor¬ 
ological  Rocket  Network  (Webb  et  al.,  1961;  Joint 
Scientific  Advisory  Group,  1961).  Attempts  are  made 
to  send  rockets  to  heights  of  60  km  on  a  synoptic  basis 


during  four  periods  tach  year,  in  order  to  permit  wind 
velocities  and  teroijeratures  to  be  measured.  Because  of 
the  limited  coverage  it  is  not  possible  to  estimate  the 
effects  of  mean  motions  or  standing  eddies.  However,  it 
is  legitimate  to  examine  the  observations  for  possible 
systematic  effects  of  transient  eddies  and  to  estimate 
roughly  the  magnitudes  of  any  such  effects  discovered. 
This  is  one  of  the  objects  of  this  paper. 

2.  Procedure  and  results  of  wind  study 

The  Meteorological  Rocket  Network  began  synoptic 
measurements  over  North  America  in  the  fall  of  1959. 
Data  were  made  available  from  the  White  Sands  Missile 
Range  where  the  observations  for  each  station  are  col¬ 
lected  and  recorded  (Inter-Range  Instrumentation 
Group  I960,  1961  and  1962).  Wind  components  and 
temperatures  are  presented  in  graphical  form  against 
altitude,  in  feet,  with  each  individual  determination 
plotted.  Values  of  the  wind  components  were  selected 
from  these  graphs  at  20,000-ft  intervals.  When  the  ob¬ 
served  components  oscillated  from  one  point  to  the  next 
a  mean  line  was  drawn  through  the  curves  on  the  as¬ 
sumption  that  such  oscillations  represented  tracking 
errors.  When  several  points  defined  an  oscillation,  how¬ 
ever,  it  was  retained.  Observational  summaries  were 
prepared  for  each  station  and  time  cross-sections  for 
each  component  were  constructed,  an  example  of  which 
appears  in  Fig.  1.  It  appears  that  two  general  regimes  of 
flow  occur  in  the  1 00,000- 200, 000  ft  region,  the  oscil¬ 
lating  westerly  regime  of  winter  and  the  relatively 
steady  easterly  regime  of  summer.  Velocities  and  the 
fluctuation  amplitudes  increase  upwards  and  the  fluc¬ 
tuation  amplitudes  are  larger  in  winter  than  in  summer. 
The  replacement  of  the  easterly  regime  by  westerlies 
appears  to  take  place  first  at  high  altitudes  and  high 
latitudes  and  then  to  progress  downwards  and  south¬ 
wards,  there  being  a  period  of  about  two  weeks  between 
the  reversal  occurrence  at  the  highest  altitudes  of  the 
northernmost  station  and  at  the  lowest  altitude 
(100,000  ft)  of  the  southernmost  station. 

It  was  desired  to  calculate  angular  momentum  trans¬ 
ports  from  the  wind  data,  and  this  procedure  required  as 
large  a  data  sample  as  possible.  All  the  measurements 
available  were  therefore  included  in  either  the  winter 
regime  or  summer  regime.  The  dates  of  seasonal  division 
were  chosen,  after  inspection  of  all  the  time  sections  such 
as  Fig.  1,  as  15  September  and  22  April.  At  some  future 
date  when  the  number  of  observations  is  sufficiently 
large,  a  division  into  four  seasons  will  be  attempted.  For 
each  station  and  at  20,000-ft  intervals  between  80,000 
and  200,000  ft  calculations  were  made  of  the  mean  zonal 
and  meridional  wind  components  (w  and  v  where  the 
bar  denotes  a  time  mean),  their  standard  deviations 
a («)  and  o(v)  and  the  transient  eddy  angular  momentum 
transport  (proportional  to  wV  where  the  primes  denote 
departures  from  the  means).  The  winter  mean  zonal  and 
meridional  components  are  shown  in  Table  1  together 
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Fig.  1.  The  zonal  wind  component  at  White  Sands,  N.  Mti.,  as  measured  during  1960-1962.  Units:  m  sec-1. 


with  the  standard  deviation  of  the  meridional  com¬ 
ponent.  Zonal  winds  increase  with  height  above  80, (MX)  ft 
(25  km)  as  has  been  recognized  for  many  years.  These 
data  alone  do  not  delineate  the  altitude  of  the  high  level 
maximum  which  seems  to  be  higher  still.  In  a  horizontal 
plane  maxima  appear  to  be  in  middle  latitudes  at  these 
longitudes.  The  meridional  components  cannot  be  inter¬ 
preted  as  “mean  meridional  cells”  because  of  the  limited 
longitude  coverage.  The  large  meridional  values  may  be 
evidence  of  standing  eddy  components  and  indeed  such 
standing  eddies  are  in  evidence  on  the  charts  drawn  by 
various  authors  for  the  region.  Standard  deviations  of 
the  meridional  component  (computed  only  when  ten  or 
more  observations  were  available)  appear  to  increase 
steadily  with  height  and,  insofar  as  many  of  the  wind 
profiles  were  obtained  with  chaff,  it  would  seem  that 
this  increase  is  not  due  solely  to  instrumental  problems 
but  may  well  represent  a  real  increase  in  eddy  activity 
with  height.  The  standard  deviations  are  largest  at  the 
two  northernmost  stations  as  is  the  case  also  for  the  lower 
stratosphere  (Murakami,  J962;  Newell.  1963b).  Table  2 
contains  corresponding  information  for  the  summer 
regime.  Zonal  winds,  now  easterly,  and  standard  devia¬ 
tion  values  again  increase  with  height  but  absolute 
values  are  smaller  than  in  the  winter. 

The  covariances  between  the  zonal  and  meridional 
wind  components,  which  are  proportional  to  the  hori¬ 
zontal  transport  of  angular  momentum,  are  shown  for 
winter  and  summer  in  Tables  3  and  4,  respectively.  In 
the  i 00,000-- 200,000  ft  layer  the  winter  values  show 


evidence  of  a  systematic  tendency  for  a  northward 
transport  of  momentum  at  all  levels  with  the  smallest 
values  at  the  bottom  of  the  layer.  This  immediately 
suggests  that  the  high  levei  jel  stream  may  be  main¬ 
tained  by  quasi-horizontal  eddy  processes  in  the  same 
genera!  manner  as  the  tropospheric  middle-latitude  jet 
stream.  Included  in  Table  3  is  the  result  of  combining 
all  the  stations  in  the  28  38  deg  latitude  belt.  The  co¬ 
variances  are  larger  than  those  reported  by  Starr  and 
White  (1954)  for  the  tro]»spheric  jet.  The  limitation  in 
longitude  must  be  borne  in  mind  when  making  such 
comparisons.  An  earlier  study  by  Starr  (1951)  was  re¬ 
stricted  to  ,'fforth  American  longitudes  and  referred  to  a 
single  winter  month  but  the  covariance  values  found 
are  exceeded  by  .he  present  results.  Such  iarge  north¬ 
ward  iransjwrts  would  make  a  mean  northward  drift 
unnecessary  io  maintain  the  westerly  jet;  on  the  other 
hand  if  it  turns  out  that  an  overabundance  of  zonal 
momentum  is  transported  by  the  eddies,  then  it  may 
be  necessary  to  invoke  a  southward  drift. 

The  summer  data  available  so  far  indicate  a  very 
small  northward  eddy  transport  in  the  layer  between 
100,000  and  200,000  ft.  Eddy  activity  appears  to  lie 
considerably  smaller  than  in  the  winter.  But  individual 
stations  show  large  differences  between  levels  and  the 
general  lack  of  pattern  suggests  that  the  sampling  is 
not  yet  adequate  for  this  season. 

It  is  quite  difficult  to  estimate  the  importance  of  these 
systematic  eddy  processes  in  the  winter  regime  from  the 
limited  observational  material  available.  The  most 
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Taslk  1.  Msaa  axm&i  and  ttt£?idiorui!  eompoeenlji  >4  S4<*kei  Wt»<wk  »m*K 
Units:  tv*  see"1  Number  of  sjb&rrvationst  f.Y)  p&renihese* 

Winter  (1959-1962) 


64.0N,  HS.7W  58.8N.94.3W  38.0V,  Ilfe.SW  37.8V,  75.SW  S4.5N,  1 19.1  W 


Height 

Ft. 

Greeiy 

,  Alaska 

F 

't.  Churchill 

Tanopah  Range,  Nev. 

Wallops  Is.,  Va 

Ft. 

M  UffU 

,  Calif. 

ktr. 

kft 

ti 

C 

(S') 

e(t) 

U 

P 

(AO  <■(*) 

a 

c 

(,V)  ff(e) 

a 

0 

<.V)  rrte) 

ft 

f.V) 

i/{v) 

6i.fi 

200 

FI  3 

-8 

(2) 

+  28 

F  17 

(4) 

+24 

—  2 

(3) 

+t* 

+  7 

(18) 

12 

-  j-  $<■> 

+  10 

(14) 

19 

$4.9 

180 

J  25 

-1 

(H> 

16 

+3"/ 

-2 

(17) 

15 

+23 

+  f5 

(3) 

-f-  5 

+  10 

(31) 

11 

+  53 

+  11 

(40) 

14 

4-8.8 

160 

- 19 

—6 

U9) 

19 

+32 

-4 

(24) 

17 

+  11 

0 

(2) 

+63 

+■11 

(SO) 

10 

+  49 

F8 

(54) 

'  7 

42.7 

HO 

19 

** 

—  t 

(3!) 

1» 

+  2i 

-S 

(35) 

i  t 

+38 

+6 

03) 

9 

4-48 

-k.  <) 

(64) 

12 

+  34 

+  2 

(64) 

ii 

36.6 

120 

i1  * 7 

- 1 

(40) 

19 

+  1’ 

■ —  < 

(491 

16 

+  12 

-  1 

{27} 

7 

+36 

+  3 

(69) 

10 

“1* 

+  3 

(75) 

7 

30.5 

H10 

+  12 

0 

(42) 

IS 

+  11 

-4 

(58) 

H 

+  12 

0 

(28) 

6 

+  20 

+5 

(ftS) 

10 

+  9 

+  i 

(77) 

5 

24.4 

80 

+  10 

+ 1 

(41) 

8 

+  11 

-3 

(62) 

12 

— -  i 

-2 

(23) 

4 

•+•  2 

(Si) 

4 

+  2 

t/ 

( 74) 

4 

18.3 

O0 

~t*  5  1 

4-3 

(33) 

6 

+  11 

—  2 

(55) 

V 

+6 

-3 

« 12) 

4 

+  15 

0 

(43) 

7 

+8 

- 1 

(56) 

4 

32.9.V, 

,  106.  nv 

32 

4N. 

106.5W 

in 

86.SW 

"05?  ‘71 

M,  80, (AV 

Height  Holloman,  NT.  Mex.  White  Sands,  N.  Mex.  fig! in  Field,  Ha.  Cape  Canaveral,  I  ia. 


km 

kft 

ii 

0 

(AO 

“(S’) 

V 

t 

(AO 

c(y) 

S 

(AO 

3  (1?) 

>* 

V 

(AO 

a(  t) 

61.0 

200 

+  58 

+  15 

(7) 

+55 

+  11 

(69) 

12 

+43 

0 

(H) 

8 

+  58 

+3 

m 

54.9 

ISO 

-T-3I 

+  9 

(S) 

+  52 

+  10 

(88) 

13 

FSI 

-f-  5 

(12) 

8 

F45 

+8 

(34) 

14 

48.8 

160 

+  32 

0 

(12) 

13 

M5 

+  11 

(89) 

12 

4-56 

+8 

(14) 

10 

+31 

+9 

(49) 

12 

42.7 

140 

+  28 

—4 

(16) 

15 

-f-34 

+  5 

(96) 

10 

+48 

+  4 

(15) 

12 

+  19 

+  4 

(50) 

<) 

36.6 

120 

+  17 

-1 

(19) 

8 

+  25 

+2 

(120) 

8 

+37 

-3 

(14) 

5 

+  13 

-1 

(56) 

8 

30.  S 

100 

+  4 

-2 

(18) 

4 

+  12 

+2 

(130) 

7 

-hi? 

+  4 

(ID 

3 

+  6 

+3 

(S3) 

6 

24.4 

80 

+9 

-3 

(4) 

+4 

+  1 

(133) 

4 

-M 

-4 

0) 

+  2 

4  t 

(29) 

3 

18.3 

60 

+  10 

+  2 

(4) 

+  11 

+  1 

(115) 

7 

+  14 

+i 

(11) 

2 

Table  2.  Mean  aonai  and  meridional  components  of  Rocket  Network  winds. 
Units:  m  sec'1.  Number  of  observations  (;V)  jn  parentheses. 

Summer  (t960-1961) 


04, ON,  145.7’, V  S8.8V.94JW  38.0V,  JI6.5W  37.8.V,  75.5W  34.1V,  1 19. 1W 


Height 

Ft. 

Greely 

,  Alaska 

Ft 

.  Churchill 

Tonopah  Range,  Vev. 

Wallops 

Is.,  Va. 

Ft. 

Mugu 

,  Calif 

km 

kft 

ti 

I4 

(A)  »<«•) 

u 

f 

(AO 

U  f! 

(AO  “(f) 

u 

(-V)  <+■<■) 

u 

0 

(AO  +v) 

61.0 

200 

—  5 

4"  8 

(!) 

-3 

4*3 

(1) 

-29 

F  H) 

(5) 

—  4* 

-4 

(9) 

54.9 

ISO 

-22 

+  13 

(4) 

-41 

Ft 

(1) 

-19 

+3 

(14) 

7 

-27 

+4 

(32)  6 

4S.8 

160 

-11 

+9 

(4) 

-25 

-4 

(2) 

-17 

+  3 

(35) 

7 

-24 

4~  6 

(55)  5 

42.7 

140 

-3 

+3 

(9) 

-19 

+  1 

(5) 

-17  +3 

(9) 

-14 

+3 

(38) 

5 

-IS 

0 

(64)  5 

36.6 

120 

+  2 

(11)  4 

—  14 

0 

(15) 

7 

-5  -2 

(23)  4 

-9 

0 

(40) 

3 

-10 

0 

(66)  3 

30.5 

100 

-3 

0 

(12)  3 

-11 

-1 

(20) 

6 

-4  0 

(23)  3 

—6 

+  1 

(44) 

3 

-  10 

0 

(69)  3 

24.4 

80 

—  3 

+  1 

(15)  4 

-4 

0 

(25) 

6 

-7  +1 

(22)  2 

—  6 

FI 

(39) 

2 

-10 

0 

(58)  2 

1S.3 

60 

-  2 

-1 

(S) 

+  1 

-2 

(24) 

5 

+  1  +2 

(S) 

0 

0 

(36) 

5 

-  1 

+2 

(45)  3 

32.9N,  106. 1\V 

32.4V, 

106.5W 

30.5V,  86. 5 W 

28.2: 

N,  80. 6 W 

Height 

Holloman,  V.  Mex. 

White  Sands,  N.  Mex 

Egiin  Field,  Fla. 

Cape  Canaveral.  Fla. 

km  kft  ti  0  (.V)  off)  u  0  (X)  <r(y)  «  P  (<V)  er(f) 


61.0 

200 

-1.3 

+  9 

(1) 

-30 

+  7 

(31) 

8 

{No  daia  received) 

-20 

+  7 

00 

16 

54.9 

180 

-26 

+  6 

14) 

-33 

+  5 

(55) 

9 

-31 

+  6 

(32) 

3 

48.8 

tf>0 

-13 

+  8 

(7) 

-27 

+  7 

(72) 

5 

-34 

+  4 

(43) 

9 

42.7 

140 

-  13 

+4 

(9) 

-20 

-4-2 

(82) 

6 

-27 

+  2 

(46) 

6 

36.6 

120 

-10 

+  2 

!  10)  3 

-16 

+  1 

(104) 

4 

-19 

+  I 

(45) 

5 

30  5 

100 

** 

—  * 

+  2 

(10)  3 

-14 

+  1 

013) 

4 

-  18 

+  1 

(44) 

3 

24  4 

80 

-  13 

0 

(122) 

2 

-16 

0 

(17) 

2 

18.3 

60 

-3 

0 

(107) 

3 

-1 

-2 

(8) 
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Table  ■».  Covariance  of  meridional  ami  zona!  wind  components.  Winter  regime.  Units:  meters4  sec  * 

Number  of  observations  ;n  parentheses. 


Height  (kft) 


Station 

200 

ISO 

160 

140 

220 

100 

80 

60 

Ft.  Greely,  Alaska 

4T16 

4-95 

+  79 

4-113 

4  12 

4-8 

-2 

64°00'N  H.V'4  nv 

fll) 

(19) 

(31) 

(40) 

(42) 

(41) 

(33) 

Ft.  Churchill,  Canada 

474 

+  181 

4-238 

-j-  65 

+  38 

-4 

-20 

53°47'N  94°1 7'W 

(17) 

(24) 

(35) 

(49) 

(58) 

(62) 

(55) 

Tononah  Kanjcc,  \cv. 

+60 

+92 

+  43 

+  13 

+  11 

iSWN  1 !  fi°30'W 

(13) 

(27) 

(28) 

(23) 

(12) 

Wallops  Is.,  Va. 

+  137 

+77 

+  8! 

-4-2? 

4108 

+37 

+S 

—  3 

37'50'N  75°29'W 

(18) 

(31) 

(50) 

(64) 

(69) 

(65) 

(5!) 

(43) 

Point  Mugu,  Calif. 

4-53 

4  97 

+  139 

+96 

4-66 

+7 

I  1  ~j 

Tif 

+4 

34‘07'N  n<ro?'\v 

(14) 

(40) 

(54) 

(64) 

(75) 

(77) 

(74) 

(56) 

Holloman,  Tv.  Mex. 

-507 

4-79 

4  108 

+  11 

j2°5i'N  )  06*06"' W 

(12) 

(16) 

(19) 

08) 

White  Sands,  N.  Mcx. 

+  47 

+49 

4-104 

+  48 

-1  63 

+45 

+22 

4*37 

32*2J'N  !06'J2'AV 

(69) 

(88) 

(39) 

(96) 

(120) 

(130) 

(133) 

(115) 

F.giin  Field,  Ha. 

+  13 

-48 

-43 

+94 

+23 

4-35 

30’30'N  86°30'W 

(ID 

(12) 

(14) 

(15) 

(14) 

(ID 

Cajte  Canaveral.  1-la. 

+  221 

4  126 

-13 

+  1 

4-13 

+9 

-8 

28°14'N  SG’Jf/W 

(34) 

(49) 

(50) 

(56) 

(53) 

(29) 

(U) 

Weighted  average 

+59 

4-86 

4-94 

+48 

-4-66 

+29 

+  17 

+  18 

for  28"--38" 

(112) 

(205) 

(268) 

(318) 

(380) 

(382) 

(310) 

(237) 

Table  4.  Covariance  of  meridional  and  zonal  wind  components.  Summer  regime.  Units:  meters’  sec'1. 

Number  of  observations  in  parentheses. 


Height  (kft) 


Station 

200 

180 

160 

140 

120 

100 

80 

60 

Ft.  Greely,  Alaska 

-16 

-1 

+3 

64  WN  145°44'W 

(11) 

(12) 

(15) 

Ft.  Churchill,  Canada 

+30 

+27 

+6 

-5 

58'47'N  94°17'W 

(11) 

(20) 

(25) 

(24) 

Tonopah  Range.  Nev. 

+  54 

-4 

-2 

38C1(X)'N  1 1 6°30'\V 

(23) 

(23) 

(22) 

Wallops  Is.,  Va. 

+29 

-34 

-9 

-3 

4-5 

4“  2 

-5 

.57'50'N  75“29'W 

(14) 

(35) 

(38) 

(40) 

(44) 

(39) 

(36) 

Point  Mugu,  Calif. 

+  14 

+  43 

+  16 

+  11 

-1 

+  2 

+  2 

34"07'.\"  119°07'W 

(32) 

(55) 

(64) 

(66) 

(69) 

(58) 

(45) 

Holloman,  N.  Mex 

0 

-14 

32'".S1'\  106°06'W 

(10) 

(.10) 

White  Sands,  N.  Mex. 

—  61 

—  ! 

+  2 

-13 

+  2 

-10 

0 

+  ! 

32°23'i\  106*29'W 

(31) 

(55) 

(72) 

(82) 

(104) 

(113) 

(122) 

(107) 

Kglin  Field,  I-'la. 

30°30'N  8G°30'W 

Cape  Canaveral,  Fla. 

-  190 

0 

0 

+  18 

+  3 

4-2 

—  3 

28‘14'NT  80‘36'W 

(11) 

(32) 

(43) 

(46) 

(45) 

(44) 

(17) 

Weighted  average 

-t)5 

+  3 

4-6 

+  2 

+  5 

-4 

0 

0 

lor  28°-38° 

(42) 

(133) 

(205) 

(230) 

(288) 

(303) 

(258) 

(188) 
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straightforward  procedure  is  to  apply,  in  a  crude  fashion, 
the  techniques  of  balance  reguirements  extensively  used 
m  the  troposphere  to  the  polar  cap  earth  of  3 SN  and 
above  30-km  altitude.  (Henceforth  the  discussion  will 
proceed  in  terms  of  kilometers.)  The  total  content  of 
relative  angular  momentum  of  the  region  can  be  found 
from  the  observed  distribution  of  zonal  wind  and  density 
and  the  change  in  the  content  over  a  period,  for  example 
between  summer  and  winter,  can  be  evaluated  and 
compared  with  the  flux  of  relative  angular  momentum 
across  the  vertical  wall  formed  by  35 N  latitude.  Such  a 
procedure  has  teen  followed;  the  integration  used  to 
estimate  the  content  was  carried  out  over  5  km  height 
intervals  commencing  at  30  km  and  in  5 -degree  latitude 
increments.  The  wind  cross-sections  presented  by 
Batten  (1961)  were  used  and  density  values  were  taken 
from  a  paper  by  Quiroz  (1961).  The  winter  polar  cap 
content  of  relative  angular  momentum,  counted  positive 
for  eastward  motion,  was  +8.3X  10'w  gm  cm2  sec'1  and 
the  summer  content  was  — 8.5X1050  gm  cm2  sec-1.  If 
the  change  from  summer  to  winter  is  assumed  to  occur 
over  a  three  month  period,  the  flux  involved  is  2.1  X  102* 
gm  cm2  see-2.  The  total  eddy  flux  into  the  volume  is 

R  costf  /  /  pu'v'dzd\, 

J  0  J  M  km 

where  X  represents  longitude,  4>  is  latitude,  R  is  the 
radius  of  the  earth  and  p  is  density.  The  mean  values  in 
Table  3  were  taken  to  represent  the  flux  at  35N  in  which 
case  the  northward  flux  into  the  polar  cap  is  11.5X102* 
gm  cm2  sec-2.  The  eddy  flux  is  therefore  more  than  five 
times  greater  than  the  required  flux  deduced  from 
change  requirements.  Indeed  the  eddy  flux  could 
produce  the  observed  change  within  about  17  days.  The 
lack  of  a  representative  sample  of  data  with  respect  to 
longitude  is  a  serious  drawback  to  such  estimates,  and 
will  not  be  remedied  until  a  Rocket  Network  is  operat¬ 
ing  on  a  global  basis. 

If  the  above  estimates  are  borne  out  by  more  exten¬ 
sive  observations,  then  a  suitable  sink  must  be  sought 
for  the  momentum  transported  northward,  as  the  polar 
vortex  does  not  continuously  increase  its  momentum 
content  throughout  the  winter.  In  the  troposphere  there 
is  a  yardstick  to  gauge  such  a  contingency  not  available 
in  the  present  case,  namely  that  the  zonal  momentum 
transported  northwards  into  the  middie-latitude  jet 
stream  must  be  balanced  largely  by  that  lost  from  the 
jet  through  vertical  transport  and  friction  at  the  earth’s 
surface.  The  momentum  budget  of  the  winter  high-level 
jet  may  be  balanced  either  by  a  downward  flux  by  one 
or  more  processes  or  by  a  mean  southward  drift  within 
the  region.  The  downward  flux  could  be  performed  by 
a  downward  mean  motion  accompanying  the  vertical 
shear  between  30  and  50  km,  or  by  a  systematic  flux  by 
large-scale  eddies  such  as  might  be  evidenced  by  nega¬ 
tive  values  of  the  covariance  u’w'  where  w  is  the  vertical 


velocity,  or  by  so-called  frictional  processes  accompany¬ 
ing  the  vertical  shear  which  would  correspond  to  mo¬ 
tions  on  a  scale  too  small  to  be  observed  by  the  network. 
There  are  presently  no  methods  of  estimating  the  first 
two  possibilities. 

The  third  possible  process,  internal  friction,  may  be 
described  by  a  law  of  the  form  r—  —pKdu/dz  where 
t  is  the  stress,  K  the  vertical  eddy  diffusion  coefficient 
and  du/dz  the  shear  of  the  mean  zonal  wind  K  is  one 
of  the  enigmas  of  modem  meteorology.  An  effective  K 
for  the  polar  lower  stratosphere  has  been  estimated  from 
the  vertical  spread  of  radioactive  tungsten  by  Feeiy  and 
Spar  (I960)  as  ~10*  cm5  sec-1;  this  would  include  all 
scales  of  motion.  As  reported  elsewhere  (Newell,  1963b) 
the  climatological  variances  of  the  vertical  velocity 
(appropriate  to  the  large-scale  eddies)  decrease  with 
altitude  between  the  levels  of  18  and  22  km;  no  observa¬ 
tions  are  available  for  higher  altitudes.  The  variances 
have  been  converted  to  effective  K  values  (Newell, 
1963b)  by  an  empirical  approach  based  upon  the  more 
extensive  knowledge  about  the  troposphere.  The  effec¬ 
tive  K  for  the  polar  lower  stratosphere  thus  found  was 
also  10*  cm2  sec'1  suggesting  that  the  small-scale  friction 
contributes  very  little  to  the  total  eddy  friction  in  the 
region.  Even  allowing  for  an  increase  of  both  small-scale 
and  large-scale  K’ s  with  height  between  25  and  35  km, 
in  conjunction  with  the  observed  increase  in  horizontal 
exchange  coefficients,  it  seems  that  the  largest  value  of 
K  that  may  be  reasonably  ascribed  to  the  small-scale 
friction  at  35  km  is  about  5X10*  cm2  sec"1.  With  the 
mean  zonal  shear  estimated  from  Table  1  the  total 
downward  flux  with  this  value  of  K  is  about  2X 1023  gm 
cm2  sec"2  which  is  almost  two  orders  of  magnitude 
smaller  than  the  northward  eddy  advection.  If  this 
estimate  is  borne  out  by  future  observations  and  if  the 
first  two  processes  mentioned  also  prove  inadequate  to 
provide  a  balanced  momentum  budget  a  mean  south¬ 
ward  drift  may  have  to  be  invoked,  in  which  case  the 
additional  factor  of  the  earth’s  angular  momentum  will 
have  to  be  considered.  As  in  many  other  instances  it  is 
possible  that  the  true  resolution  of  the  problem  will  only 
come  when  vertical  velocities  can  be  calculated  from  a 
larger  and  more  complete  Rocket  Network  so  that  such 
quantities  as  and  £u]£t2>j  can  properly  be  calcu¬ 

lated  (square  brackets  here  denote  latitudinal  averages). 

3.  Possible  origin  of  the  eddy  fluxes 

By  analogy  with  the  troposphere  it  could  be  argued 
that  the  transient  eddies  that  apparently  transport  con¬ 
siderable  zonal  momentum  northwards  in  winter  in  the 
30-60  km  region  do  so  incidentally  in  the  process  of 
transporting  heat  energy  northwards  as  the  atmosphere 
in  this  region  endeavours  to  balance  its  heat  budget. 
The  radiation  budget  calculations  such  as  those  pre¬ 
sented  by  Murgatrovd  and  Goody  (1958)  or  Murga- 
troyd  and  Singleton  (1961)  certainly  indicate  that  the 
requirement  for  such  a  heat  transport  exists  and  that 
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without  it  the  polar  cap  region  would  get  very  much 
colder  than  is  actually  observed  in  the  winter.  Murga- 
troyd  and  Singleton  in  fact  calculated  the  hypothetical 
mean  meridional  motions  which  would  be  necessary  to 
balance  the  heat  budget,  although  they  recognized  that 
ultimately  eddy  effects  would  have  to  be  taken  into 
account. 

A  detailed  specification  of  the  atmosphere  above  30 
km  is  not  yet  available  but  it  is  perhaps  not  too  early  to 
make  a  crude  estimate  of  some  of  the  terms  in  the  energy 
budget  of  the  high-level  jet.  Differential  cooling  in  the 
winter  hemisphere,  which  is  indicated  by  the  radial;  anal 
calculations,  in  conjunction  with  the  observed  tempera¬ 
ture  structure  would  be  expected  to  generate  zonal 
available  potential  energy'.  It  is  not  presently  known 
that  such  energy  generated  is  transformed  to  eddy 
available  fjotential  energy  and  hence  to  eddy  kinetic 
energy  and  ultimately  zonal  kinetic  energy  as  in  the 
troposphere  but  it  is  of  interest  to  examine  the  directions 
and  magnitudes  of  the  transformation  quantities.  The 
appropriate  equations  for  the  zonal  available  potential 
energy,  for  its  generation  and  for  the  zonal  kinetic 
energy',  have  been  presented  by. Lorenz  (1955).  Numeri¬ 
cal  values  appropriate  to  the  atmosphere  have  been 
estimated  by  Lorenz  and  evaluated  on  a  daily  basis  for 
a  two  week  period  by  Winston  and  Krueger  (1961).  The 
generation  term  has  been  evaluated  twice  daily  for  a 
one  month  period  by  Wiin-Nielsen  and  Brown  (1962). 
The  studies  so  far  have  been  essentially  confined  to  the 
troposphere.  It  was  decided  to  evaluate  the  three 
quantities  mentioned  for  the  region  above  the  tropo¬ 
sphere  divided  into  a  series  of  layers. 

The  appropriate  equations  in  the  order  above  (after 
Lorenz)  are; 
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where  the  symbols  are  as  follows: 

A,  —  zonal  available  potential  energy 
Q,- generation  of  zonal  available  potential  energy 
Rm—  kinetic  energy’  of  zonal  flow 
g  —  acceleration  of  gravity 
p- pressure,  T—  temperature 
r  z>=g/cp  r=~dT/ds 
c,,=specific  heat  of  air  at  constant  pressure 
w ~ zonal  wind  component 
Q~Ta.it  of  diabatic  heating 


An  overbar  denotes  a  mean  over  an  Lsoharic  surface. 
Square  brackets  denote  a  mean  value  around  a  latitude 

circle. 

Although  Lorenz  applied  the  equations  to  the  entire 
atmosphere  there  appears  to  be  no  objection  to  their 
application  to  a  series  of  layers.  An  assumption  in  their 
derivation  is  that  the  pressure  variation  over  an  isen- 
tropic  surface  is  small  compared  with  the  average 
pressure.  With  the  present  observations  the  assumption 
appears  to  he  satisfied  at  least  as  well  as  in  the  extreme 
example  selected  by  Lorenz  which  applied  to  the 
1000-300  mb  region.  When  more  detailed  observations 
become  available  at  the  higher  levels  the  point  may  well 
have  to  be  reconsidered. 

Cross-sections  of  zonal  wind  and  temperature  from 
the  surface  to  80  km  were  constructed  for  both  winter 
and  summer  by  Mrs.  Dorothy  Berry,  the  author’s 
assistant.  Such  cross -sections  are  redrawn  each  year  for 
presentation  to  students  taking  a  course  of  lectures  on 
the  upper  atmosphere.  They  are  not  meant  to  represent 
standard  atmospheres  suitable  for  engineering  use  in 
any  sense.  The  cross-sections  are  changed  as  the  data 
accumulate.  Temperature  data  for  the  lowest  100  mb 
were  taken  from  the  work  of  Peixoto  (1960)  and  zonal 
winds  for  this  region  from  Crutcher  (1961).  For  the 
100-10  mb  layer  mean  values  were  obtained  from  my 
colleagues  on  the  Planetary  Circulations  Project  who 
are  presently  engaged  in  a  study  of  the  stratospheric 
circulation.  These  data  all  refer  to  average  values  over 
the  entire  northern  hemisphere.  Data  for  the  30-80  km 
region  were  taken  from  the  rocket  grenade  results 
(Stroud,  Nordberg  and  Walsh,  1956;  Stroud,  Nordberg, 
Bandeen,  Bartman  and  Titus,  1960;  Nordberg  and 
Stroud,  1961)  and  the  rocket  network  results  referred  to 
earlier.  Several  sets  of  high  level  radiosondes  (Arnold 
and  Lowenthal,  1959)  and  rocket  results  prior  to  the 
establishment  of  a  network  (Smith,  1960)  were  also  in¬ 
cluded.  The  point  of  difference  with  previous  cross- 
sections,  for  example  that  of  Murgatroyd  (1957),  is  that 
no  results  from  anomalous  sound  propagation  measure¬ 
ments  were  included.  For  completeness  the  zonal  wind 
and  temperature  cross-sections  which  resulted  for  winter 
are  shown  in  Figs.  2  and  3.  Obviously  they  are  not 
representative  of  the  global  averages,  as  the  majority 
of  the  observations  were  collected  over  North  America 
and  over  the  Pacific. 

These  crude  cross-sections  were  used  to  evaluate  the 
expressions  for  G,t  A,  and  Rs  with  5-km  height  incre¬ 
ments  between  15  and  30  km  and  10-km  increments 
above.  Height,  rather  than  pressure,  was  used  as  a 
vertical  coordinate  and  values  at  the  mid-point  of  each 
selected  layer  were  taken  as  representative  of  the  entire 
layer.  The  calculations  covered  the  region  from  10N  to 
65N  except  for  the  summer  where  for  the  layers  from 
uG  tu  SO  km,  the  region  was  30N  to  60N.  Diabatic  heat¬ 
ing  values  were  taken  from  the  work  of  Murgatroyd  and 
Singleton.  A  previous  set  of  values  for  the  higher  layers 
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Fig.  2.  Meridional  cross-section  of  zonal  wind  comjjonent.  Fig.  3.  Meridional  cross  section  of  temperature.  Winter 

Winter  regime.  Units:  m  sec-1.  regime.  Units:  degrees  Kelvin. 


as  presented  by  Murgatroyd  and  Goody  was  also  used 
for  comparison.  It  is  appreciated  that  Murgatroyd  and 
Singleton's  values  had  been  adjusted  to  fit  in  with  other 
radiation  calculations,  notably  those  by  Ohring  (1958), 
and  to  fit  in  with  their  meridional  motion  ideas  but  the 
differences  are  comparatively  minor.  The  results  are 
shown  in  Table  5;  all  Q,  values  were  based  on  Murga¬ 
troyd  and  Singleton  except  those  in  parenthesis  which 
are  based  on  Murgatroyd  and  Goody.  Table  6,  to  be 
considered  in  conjunction  with  Table  5,  shows  the  time 
period  necessary  to  produce  the  computed  .4,  and  R, 
from  zero,  or  to  reduce  A,  to  zero,  on  the  basis  of  the 
computed  values  of  <5,.  Winter  results  will  be  discussed 
first  commencing  with  the  lowest  layer. 

In  the  15-20  km  layer  zonal  available  potential  energy 
is  being  destroyed  by  the  differential  heating  at  a  rapid 
rate.  At  the  calculated  destruction  rate  it  would  be  re¬ 
duced  to  zero  in  about  six  days  hence  there  must  be 
advection  of  energy  into  the  region,  presumably  from 
below.  There  are  several  items  of  information  which 
suggest  that  kinetic  energy  is  converted  to  available 
potential  energy,  although  not  necessarily  to  zonal 
available  potential  energy,  within  the  region.  The  author 
(Newell,  1961)  has  pointed  out  that  lines  of  equal  ozone 
concentration  slope  downwards  with  increasing  latitude 
in  the  10-55  deg  region  more  steeply  than  the  isentropic 
surfaces.  Radioactivity  measurements  also  support  this 
picture.  If  the  slopes  of  the  isolines  of  trace  substance 
concentration  represent  the  motion  of  air  particles  then 
a  little  consideration  shows  that  such  motions  would 
act  to  convert  kinetic  to  jwtential  energy  in  the  region 
(the  relationship  between  air  particie  paths  and  the 


slope  of  isentropic  surfaces  has  been  discussed  by  Eady, 
1949,  1950;  Kuo,  1956a;  and  Green,  I960)  and  would  also 
give  rise  to  an  apparent  northward  flux  of  heat.  If 
attention  is  fixed  on  a  particular  point  on  an  isentropic 
surface  then  air  parcels  reaching  the  point  from  the 
south  will  be  descending  and  warming  adiabatically  and 
therefore  be  warmer  than  the  local  mean  temperature. 
These  concepts  are  consistent  with  the  observations  of 
White  (1954),  Peixoto  (1960)  and  Murakami  (1962) 
which  showed  a  counterg.adient  heat  flux  in  the  lower 
stratosphere,  of  White  and  Nolan  (1960)  and  Jensen 
(1960)  which  showed  the  conversion  of  kinetic  to  po¬ 
tential  energy  in  the  lower  stratosphere  and  of  Molla 
and  Loisel  (1962)  which  showed  that  vertical  and  merid¬ 
ional  components  of  the  motions  in  the  region  are 
negatively  correlated.  The  sequence  of  energy  transport 
and  transformation  in  the  15-20  km  layer  would  thus 
seem  to  be  as  follows :  energy  is  advected  into  the  region 
from  below  (whether  this  advection  is  in  the  form  of  a 
systematic  transport  of  kinetic  energy  or  of  energy  in  the 
form  of  sensible  heat  has  not  yet  been  established  from 
observations),  kinetic  energy'  is  converted  to  available 
potential  energy,  and  zonal  available  potential  energy  is 
destroyed  by  differential  heating. 

An  additional  point  of  interest  is  the  near-equality 
of  the  available  potential  energy  and  the  kinetic  energy. 
Lorenz  estimated  that  the  available  potential  energy  is 
about  ten  times  larger  than  the  kinetic  energy;  his 
estimate  refers  mainly  to  the  troposphere.  Murakami 
(1962)  pointed  out  that  in  the  lower  stratosphere  the 
two  quantities  are  of  the  same  order  of  magnitude. 

The  lay'er  20-25  km  also  requires  energy  from  a  source 
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Table  5.  Distribution  of  Q„  A.,  and  R,  with  height  for  zone  from  ION  to  65N. 


Layer 

km 

0. 

ergs  an"1  sec-1 

Winter 

A, 

ergs  cm~* 

R. 

ergs  cm 

G. 

ergs  cm**  sec*1 

Summer 

A, 

ergs  cm"* 

R. 

ergs  cm"* 

15-20 

-214.1 

104.0X10* 

86.3X10* 

-227 .4 

148.3X10* 

18.9X10* 

20-25 

-0.4 

0.8X10* 

6.2X10* 

-21.6 

9.2X  10* 

14.4X10* 

25-30 

+  7.5 

1.2X10* 

9,2X10* 

-1.2 

C.6X10* 

12.5X10* 

30-40 

+  10.7 
(+54) 

4.0X10* 

27.5X10* 

+0.3 

0.3X10* 

10.0X10* 

40-50 

+4.7 

(+5.5) 

1.5X10* 

12.8X10* 

+0.5 

4.1X10* 

52.5X10* 

50-60 

+0.8 

(+0.5) 

0.3X10* 

56.0X10* 

+0.8 

2.3X10* 

30.9X10* 

oO~70 

-1.5 

(-2.1) 

1.7X10* 

19.0X10* 

0.0 

0.5X10* 

9.6X10* 

70-80 

-0.4 

(-0.3) 

1.9X10* 

S.SX10* 

+0.2 

0.9X10* 

1.9X10* 

Table  6.  Time  in  days  necessary  to  establish  or  destroy 
A,  and  R,. 


Layer 

km 

Winter 

A.  R, 

Summer 

A.  R. 

15-20 

5.6 

— 

7.5 

— 

20-25 

21.6 

— 

4.9 

— 

25-30 

1.9 

14.4 

6.0 

— 

30-40 

4.3 

18.9 

10.3 

413 

40-50 

3.8 

31.9 

9.0 

115 

50-60 

0.4 

77.2 

3.5 

47.1 

60-70 

U 

— 

— 

— 

70-80 

5.7 

— 

4.7 

9.6 

other  than  differential  heating  and  it  would  seem  that 
this  again  may  be  supplied  from  below.  The  layers 
between  2$  and  60  km  all  exhibit  internal  generation  of 
potential  energy  and,  as  the  lowest  two  apparently 
could  produce  their  own  observed  kinetic  energy  in  14 
and  19  days,  there  is  no  demonstrated  requirement  for 
a  further  supply.  The  use  of  Murgatroyd  and  Goody’s 
values  does  not  change  G,  by  more  than  a  factor  of  two. 
While  the  zone  from  25  to  40  km  may  be  self  sustaining 
the  two  layers  above,  that  is  40-60  km,  appear  to  need 
considerably  longer  periods  in  order  that  the  kinetic 
energy  can  be  generated  in  situ.  Certainly  it  would  be 
reasonable  to  claim  that  the  50-60  km  region  receives 
some  of  its  kinetic  energy  from  below.  Without  con¬ 
sideration  of  further  energy  sources  the  two  layers  from 
60-70  and  70-80  also  appear  to  need  advection  of 
energy,  presumably  from  below,  to  supply  their  kinetic 
energy.  Notice  that  the  available  potential  energy  is 
smaller  than  the  kinetic  energy  for  all  layers  above  20 
km  so  that  a  rapid  response  of  the  kinetic  energy  to 
changes  in  the  differential  heating  would  be  expected. 
There  is  no  large  reservoir  of  potential  energy  that  can 
support  the  motions,  such  as  exists  in  the  troposphere. 


The  numbers  presented  here,  whiie  admittedly  some¬ 
what  crude,  may  well  be  correct  as  to  sign  and  order  of 
magnitude.  Accepting  them  as  they  stand  for  the 
present,  it  would  then  appear  that  there  are  two  essen¬ 
tially  independent  vortices  at  different  levels  in  winter 
with  the  upper  vortex  producing  sufficient  energy  in  situ 
to  run  itself  without  communication  of  energy  from 
below.  Theoretical  considerations  by  Chamey  and 
Drazin  (1961)  also  pointed  to  the  fact  that  the  upper 
vortex  is  mechanically  independent  of  the  troposphere. 
There  is  a  region  of  minimum  activity  in  between  the 
vortices  as  is  evident  from  an  inspection  of  zonal  wind 
cross-sections. 

Above  about  55  km  in  winter  there  is  found  a  situa¬ 
tion  similar  to  that  above  the  tropospheric  jet,  namely 
that  energy  apparently  has  to  be  supplied  to  balance 
radiational  destruction  and  that  the  temperature  in¬ 
creases  northwards.  If  these  conditions  are  a  general 
accompaniment  of  the  upper  portion,  that  is  the 
energy  consuming  portion,  of  these  large-scale  eddy 
structures  then  the  high  temperatures  over  the  pole 
may  simply  be  a  reflection  of  the  presence  of  quasi¬ 
horizontal  eddies  in  which  kinetic  energy  is  being  con¬ 
verted  to  potential  energy.  From  another  point  of  view 
the  air  parcel  motions  in  the  upper  portions  of  the  eddies 
(above  about  55  km)  are  tending  to  force  the  isen tropic 
surfaces  in  the  region  to  slope  downwards  from  equator 
to  pole  whereas  the  radiational  effects  are  working  in  the 
opposite  direction.  The  mean  isentropic  slope  actually 
represents  an  equilibrium  between  the  two  effects.  There 
are  not  yet  sufficient  observations  in  the  region  to  test 
whether  a  countergradient  heat  flux  is  present  as  would 
be  predicted  by  the  above  scheme.  Kellogg  (1961)  has 
suggested  that  the  high  temperatures  in  the  winter 
polar  mesosphere  are  produced  by  recombination  of 
atomic  oxygen  in  a  subsiding  current  and  Young  and 
Epstein  (1962)  have  presented  some  further  calculations 
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which  support  this  contention.  If  the  situation  outlined 
here  is  an  approximation  to  events  then  atomic  oxygen 
recombination  need  not  be  invoked. 

In  order  to  illustrate  that  the  pattern  of  potential 
energy  destruction  in  winter  in  the  lower  part  of  the 
region  is  not  simply  a  consequence  of  the  particular 
cross-sections  chosen,  the  calculations  of  A,,  G,  and  R , 
were  performed  for  mean  monthly  cross  sections  along 
7SW  for  October  and  Decern  Iter  1957  and  February 
1958  (U.  S.  Weather  Bureau,  1961).  The  results,  shown 
in  Table  7,  exhibit  a  general  pattern  of  values  that  is 
similar  to  those  found  for  the  winter  regime.  There  is 
destruction  in  the  15-20 km  layer  throughout  the  season 
with  largest  values  in  February  after  the  change  in 
temperature  structure  that  had  accompanied  a  so-called 
sudden  warming  in  January.  Generation  of  energy  is 
largest  in  the  20-30  km  region  in  December.  The  magni¬ 
tudes  are  somewhat  larger  than  those  for  the  winter 
regime;  this  is  no  doubt  due  to  the  selection  of  75W 
which  is  a  longitude  along  which  there  is  a  larger  hori¬ 
zontal  temperature  contrast  than  is  the  case  for  the 
global  average.  The  zonal  potential  and  kinetic  energies 
are  of  the  same  order  of  magnitude  in  this  region  except 
in  the  month  of  February  when  the  potential  energy 
increases  in  the  15-20  km  layer  and  the  kinetic  energy 
decreases  in  the  20-25  km  layer,  with  the  result  that  in 
both  layers  the  potential  energy  becomes  an  order  of 
magnitude  larger  than  the  kinetic  energy. 

There  has  been  considerable  discussion  about  the 
nature  of  the  disturbances  which  are  responsible  for  the 
energy  conversions  and  momentum  transports  observed 
in  the  15  -30  km  region  in  the  winter  season.  Zubyan 
(1959)  has  discussed  the  inter-latitudinal  exchange  of 
warm  and  cold  air  which  results  from  stratospheric  differ¬ 
ential  heating.  Uoville,  Wilson  and  Hare  (1961)  have 
described  some  of  the  disturbances  in  the  15-30  km 
region  in  detail  and  have  evaluated  energy  conversions 
from  potential  to  kinetic  energy  as  a  function  of  wave 
number  at  25  mb  (~~25  km).  Their  general  conclusion 
is  that  the  disturbances  in  the  polar-night  vortex  have 
many  features  in  common  with  the  baroclinic  waves  of 
the  troposphere.  Barnes  (1962)  has  also  calculated 
energy  conversions  for  this  region.  For  the  higher  regions 
the  existence  of  large-scale  disturbances  has  been 
stressed  in  the  analyses  of  Teweles  (1961,  1962)  and 
Keegan  (1961, 1962),  and  the  synoptic  charts  presented 
by  these  authors  show  evidence  of  northward  mo¬ 
mentum  transports  in  the  appearance  of  tilted  troughs. 
Until  this  relatively  large  number  of  observations  from 
the  Rocket  Network  became  available,  however,  it  was 
not  possible  to  estimate  quantitatively  the  momentum 
transports  brought  about  by  the  disturbances. 

In  the  case  of  the  summer  season  (Table  5)  available 
potential  energy  is  destroyed  from  15  to  30  km.  There 
must  therefore  be  considerable  advection  of  energy, 
presumably  from  below,  into  the  region.  In  the  30-60 
km  region  there  is  production  of  available  potential 
energy  by  the  differential  heating  but  apparently  it 


Table  7.  Distribution  of  G,,  A,  and  R,  for  three 
croas  sections  along  75W, 


Layer  G,  A,  R, 

km  ergs  cm-1  sec*1  ergs  cm"5  ergs  cm-5 


October  1957 

15-20 

-199 

87  XI08 

23  XIO* 

20-25 

+3 

2.9  X  10s 

8.3X  10* 

25-30 

4-22 

14.5X10* 

14.8X10* 

December  1957 

15-20 

-127 

92  X1G* 

99  X10* 

20-25 

+48 

41  X10* 

4?  X!0* 

25-31! 

+48 

m  xio* 

34  X10* 

February  1958 

15-20 

— 3S8 

520  XIO6 

65  X10* 

20-25 

-36 

27  X10‘ 

2.3X10* 

25-30 

+6 

3.2X10* 

4.0X10* 

would  take  a  considerable  length  of  time  (see  Table  6) 
for  the  observed  kinetic  energy  to  be  produced  if 
generated  in  situ.  There  are  several  possible  energy 
sources.  The  energy  may  come  from  below  or  from  the 
southern  hemisphere  where  the  southern  winter  polar 
vortex  may  be  in  operation.  Such  a  possibility  can  only 
be  examined  when  this  latter  vortex  has  also  been  ex¬ 
tensively  observed. 

It  has  been  argued  above  that  in  the  30  60  km  region 
in  winter  differential  cooling  produces  zonal  available 
potential  energy  which  is  realized  in  large-scale  eddies 
that  transport  momentum,  and  possibly  heat  energy, 
northwards.  It  would  be  desirable  to  calculate  the  heat 
flux  from  observations  and  compare  it  with  the  require¬ 
ments  of  the  radiation  budget,  but  there  are  not  yet 
sufficient  observations  of  temperature  in  the  region.  If 
events  are  similar  to  those  in  the  troposphere  the  further 
argument  could  be  made  that  the  zonal  available  po¬ 
tential  energy  is  converted  to  eddy  available  potential 
energy  which  in  turn  is  converted  to  eddy  kinetic  energy 
and  ultimately  into  the  kinetic  energy  of  the  mean 
motion.  The  last  item  in  the  chain  can  be  roughly  esti¬ 
mated  from  the  wind  observations  presented  above.  Its 
value  has  been  calculated  for  the  troposphere  by  Starr 
(1953)  and  is  given  bv  the  integral 

2tR2  [  f  p[«v]  cos ~4> - — — d<tnh. 

J  J  d< i>  R  cos <f> 

Division  by  the  area  of  interest  gives  the  rate  of  working 
of  the  Reynold’s  stresses  per  unit  area  which  may  be 
compared  with  the  generation  of  available  potential 
energy.  For  the  present  estimates  the  observed  values  of 
u  for  the  20-60N  region  were  used  in  conjunction  with 
the  weighted  average  values  of  u'v'  as  quoted  in  Table  1. 
Values  for  the  winter  regime  for  the  layers  30-40,  40-50 
and  50-60  km  are  14.9,  4.1  and  3.8  ergs  cm~!  sec-1, 
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respectively.  These  are  very  similar  to  the  generation 
values  and  this  similarity  gives  further  weight  to  the 
argument  that  the  sequence  of  energy  transformations 
in  high  level  jet  is  the  same  as  in  the  tropospheric  jet 
except  for  ground  friction  effects.  If  the  similarity  is 
verified  when  more  comprehensive  observations  become 
available  then  the  previous  suggestions  concerning  the 
smallness  of  the  internal  friction  will  be  upheld. 

4.  Concluding  remarks 

Meteorological  Rocket  Network  measurements  have 
been  used  to  demonstrate  that  the  layer  of  the  atmos¬ 
phere  between  30  and  60  km  can  run  on  its  own  energy 
supply  in  the  winter  season  without  the  benefit  of  energy 
advected  from  below.  The  disturbances,  that  apparently 
arise  to  transfer  heat  in  a  direction  required  by  the 
differential  cooling,  transport  relative  angular  mo¬ 
mentum  northwards  and  are  thereby  responsible  for  the 
formation  of  the  high  level  jet  stream.  The  radiation 
calculations  coupled  with  mean  winter  cross-sections  of 
temperature  and  wind  indicate  that  available  potential 
energy  is  generated  in  situ  and  the  winter  wind  observa¬ 
tions  permit  calculations  which  demonstrate  that  eddy 
kinetic  energy  is  being  converted  to  mean  zonal  kinetic 
energy  at  about  the  same  rate  as  the  generation.  The 
implication  from  the  available  data  is  thus  that  the 
quasi-horizontal  large-scale  eddy  motions  are  of  prime 
importance  in  the  heat  and  momentum  budgets  of  the 
region  in  winter  as  opposed  to  the  mean  meridional 
motions  previously  suggested.  The  finding  is  then  essen¬ 
tially  the  same  as  the  earlier  findings  for  the  troposphere 
and  lower  stratosphere. 

While  the  large  static  stability  of  the  30  60  km 
region  may  well  increase  the  horizontal  scale  size  of  any 
baroclinic  disturbances  present  it  does  not  appear  to 
prohibit  such  disturbances. 

There  are  some  rather  obvious  drawbacks  in  the 
computations  in  Sections  2  and  3  due  to  the  small  data 
samples  presently  available.  Some  of  these  which  can  be 
removed  in  the  near  future,  as  examination  of  the  region 
30-60  km  proceeds,  are  outlined  below. 

a)  In  order  to  improve  the  estimates  of  [u't'J  and  to 
weigh  the  contributions  of  standing  eddies  and  ulti¬ 
mately  mean  meridional  motions,  the  Rocket  Network 
needs  to  be  extended  around  the  globe.  Careful  attention 
to  the  selection  of  firing  times  in  such  an  extended 
network  would  enable  the  tidal  components  to  be 
properly  examined  and  their  interaction  with  the 
non-tidal  components  assessed.  All  the  data  should  be 
published  frequently  in  an  easily  accessible  form  such  as 
was  done  for  Point  Mugu,  California,  by  Masterson, 
Hubert  and  Carr  (1961)  and  for  the  North  American 
stations  by  the  Inter-Range  Instrumentation  Group. 

b)  An  increased  number  of  reliable  temperature  ob¬ 
servations  are  required  from  the  region  above  30  km. 
A  new  economical  method  of  measuring  temperature 


above  45  km  will  have  to  be  developed,  as  is  widely 
recognized.  Heat  transport  estimates  will  then  be 
forthcoming. 

c)  The  distribution  of  trace  substances  needs  to  be 
measured  above  30  km.  Water  vapor  is  particularly 
important  as  it  has  been  assumed  to  have  a  very  low 
concentration  in  the  radiation  calculations  made  so  far 
for  the  region,  whereas  much  of  the  current  experi¬ 
mental  work  indicates  relatively  high  concentrations  at 
30  km.  If  the  experimental  work  is  verified,  the  radiation 
calculations  will  have  to  be  repeated.  It  would  also  be 
of  considerable  interest  to  have  available  the  proper 
distributions  of  ozone  and  carbon  dioxide  for  the  region 
as  well  as  the  various  radioactive  trace  materials.  Dis¬ 
tributions  of  the  latter  may  enable  the  paths  of  air 
motions  relative  to  isentrujjes  to  be  traced  and  will 
afford  much  information  on  mass  transfer  comple¬ 
mentary  to  that  discussed  on  momentum  and  heat 
transfer. 

d)  When  the  variations  of  ozone  concentration  and 
water  vapor  in  the  30  60  km  region  are  properly  known 
as  functions  of  latitude  and  longitude  the  radiational 
calculations  can  be  extended  to  include  variations  of 
heating  and  cooling  rates  along  latitude  circles  and  esti¬ 
mates  can  be  made  of  the  possible  generation  of  avail¬ 
able  potential  energy  thereby  produced. 

The  radiation  calculations  apply  to  the  northern 
hemisphere  for  summer  and  winter.  If  it  can  be  assumed 
as  a  rough  approximation  that  they  represent  global 
conditions  at  a  given  time  then  a  qualitative  picture  of 
the  heat  budget  of  the  entire  30-60  km  region  can  be 
obtained.  In  the  case  where  it  is  winter  in  the  northern 
hemisphere  there  is  a  requirement  for  a  quasi-horizontal 
heat  flux  northwards  across  the  equator  if  the  region  is 
energetically  independent  of  the  lower  atmosphere. 
Simultaneously  relative  angular  momentum  must  be 
transported  northwards  if  the  same  assumptions  of 
symmetry  are  made  about  the  wind  structure.  Available 
potential  energy  will  be  generated  by  the  differential 
heating  and  cooling.  A  calculation  for  the  30-40  km 
region  from  65N  to  65S  based  upon  interpolated  tem¬ 
peratures  in  the  equatorial  region  gave  a  zonal  potential 
energy  production  rate  similar  to  that  previously  ob¬ 
tained  for  the  winter  season.  It  does  not  seem  profitable 
to  pursue  such  matters  further  until  global  observations 
are  available;  then  it  will  be  of  interest  to  apply  the 
present  approach  to  observations  of  winds  and  tempera¬ 
tures  in  the  equatorial  region  to  seek  evidence  of  the 
trans-equatoriai  transports  which  are  apparently  neces¬ 
sary.  Finally  it  should  be  noted  that  consideration  has 
not  yet  been  given  specifically  to  the  theoretical  problem 
of  large-scale  atmospheric  disturbances  which  span  the 
equator. 
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ABSTRACT 

Tabulations  of  daily  winds  from  1GV  data  were  made  at  eight  pressure  levels  (850,  <00,  500,  400,  300 
200,  100  and  50  mb)  for  121  Southern  Hemisphere  plus  22  Northern  Hemisphere  equatorial  stations  during 
the  calendar  year  1958,  in  order  to  study  by  seasons  the  poleward  flu*  and  convergence  of  relative  angular 
momentum. 

The  overwhelming  imjjorlance  in  both  seasons  of  the  transports  of  relative  ingular  momentum  by  the 
transient  eddies  is  demonstrated.  These  transports  are  enough  to  balance  the  drain  of  atmospheric  angular 
momentum  in  the  belt  of  surface  westerlies.  The  mean  meridional  motions  and  the  standing  eddies  are 
ineffective  in  the  fulfilment  of  the  angular  momentum  balance  requirements  of  this  hemisphere.  On  the 
other  hand  the  standing  eddies  are  the  main  agents  in  the  interhemispheric  exchanges  of  relative  angular 
momentum.  There  are  insignificant  seasonal  variations  in  the  vertically  integrated  horuontal  momentum 
transport  across  latitude  belts  equatorward  of  SOS,  although  there  is  evidence  for  marked  seasonal  vertical 
fluctuations  of  the  zones  of  maximum  flu*  of  relative  angular  momentum. 

The  sign  of  the  mem  surface  zonal  stress  computed  from  the  angular  momentum  convergence  is  in  good 
agreement  with  the  distribution  of  the  surface  winds;  the  magnitude  is  comparable  to  that  computed  by 
Priestley  (1951),  except  in  the  zones  of  strong  surface  westerlies. 


1.  Introduction 

In  recent  years  much  attention  has  been  given  to  the 
angular  momentum  balance  of  the  Northern  Hemi¬ 
sphere  (see,  e.g.,  Wklger,  1949;  Starr,  1951,  1952;  Starr 
and  White,  1951 ;  Buch,  1954;  Mintz,  1951 ;  and  Tucker, 
1960).  The  upper  wind  observations  collected  in  the 
Southern  Hemisphere  during  the  International  Geo¬ 
physical  Year  (IGY)  were  good  enough  to  justify  for 
the  first  time  a  study  of  the  poleward  flux  of  relative 
angular  momentum.  The  data  also  enabled  us  to  study 
the  mechanisms  responsible  for  these  poleward  fluxes 
and  to  estimate  the  probable  interaction  between  the 
two  hemispheres. 

The  first  attempt  to  employ  the  concept  of  angular 
momentum  to  the  general  circulation  of  the  Southern 
Hemisphere  was  made  through  use  of  surface  climato¬ 
logical  data  by  Priestley  (1951),  who  computed  the 
frictional  stresses  over  all  the  southern  oceans.  Other 
preliminary  studies  include  those  of  Palmen  (1955), 
Berson  and  Troup  (1961),  and  Gruza  (1962).  The  study 
of  Berson  and  Troup  was  restricted  to  the  eastern  part 
of  the  Southern  Hemisphere,  while  that  of  Gruza  em¬ 
ployed  geostrophic  winds  and  was  limited  to  only  the 

“Present  address:  Nigerian  Meteorological  Services,  I  .ages, 
Nigeria. 
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700-mb  level  and  to  the  eastern  half  of  the  hemisphere 
(10W  to  170W). 

A  second  objective  of  this  pa|>er  is  to  compute  the 
mean  frictional  stress  from  angular  momentum  con¬ 
vergence.  The  stress  thus  indirectly  obtained  is  com¬ 
pared  with  that  of  Priestley  (1951),  which  was  derived 
using  surface  climatological  wind  observations.  Since 
the  Southern  Hemisphere  is  mainly  oceanic,  the  result 
is  expected  to  be  of  value  in  the  understanding  of  the 
frictional  coupling  between  the  southern  oceans  and 
the  atmosphere. 

The  following  notation  will  be  employed; 


xdt  —  x—  time  average  of  x. 


xdX  —  [x]  —  zonal  average  of  x. 


x'=x—x=  departure  from  time  average, 
x*— x—  [x]  =  departure  from  zonal  average, 
a  ^radius  of  the  earth, 
g~  acceleration  due  to  gavitv, 

A  =  longitude, 
ifi—  latitude, 
p—  pressure, 

pa—  pressure  at  the  ground, 
t~  time, 
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u^acoiff.(dk/dt)- eastward  component  of  the  wind, 
v^a{d<i:/dt)~  northward  component  of  the  wind, 
w *-  dp/di  —  individual  pressure  change, 

12 —angular  velocity  of  the  earth, 

7*  =  eastward  component  of  viscous  force  per  unit  mass. 

2,  Data  and  their  representativeness 

The  data  consist  of  ail  wind  observations  taken  during 
the  IGY  for  the  calendar  year  19SS.  The  primary  data 
employed  were  0000/.  wind  observations  except  in  cases 
where  the  observations  were  missing  or  insufficient.  On 
such  occasions  1 2007.  observations  were  substituted.  In 
addition  a  few  African  stations  reporting  at  060GZ  and 
some  South  American  stations  reporting  at  18002’.  were 
used.  We  feel  justified  in  usu»g  observations  made  at 
irregular  hours  for  the  following  reasons:  first,  there  is 
little  diurnal  variation  of  tropospheric  winds,  except 
close  to  the  ground,  and  secondly,  the  statistical 
methods  employed  in  this  study  require  that  the  data 
be  chosen  at  random.  Data  based  on  observations  at 
regular  time  intervals  are  not  exactly  random  samples, 
but  for  a  large  number  of  observations  they'  may  be  con¬ 
sidered  as  such,  unless  the  period  of  observation  coin 
cides  with  a  period  in  the  fluctuations  of  the  wind. 

AH  the  winds  observed  were  tabulated  for  the  eight 
pressure  levels:  850,  700,  500,  400,  300,  200,  100  and 
50  mb.  The  winter  has  been  defined  to  include  the 
months  April-Septemher  while  summer  includes  the 
months  October  to  December  and  January'  to  March. 

Fig.  1  contains  the  143  stations  which  made  wind 
observations.  Those  stations  which  reported  rawins  are 
designated  by  R  while  those  statioas  using  theodolite 
(pilot  balloon)  methods  are  designated  by  \V.  Of  these 
stations,  22  are  actually  not  southern  hemispheric 
stations  but  are  situated  slightly  north  of  the  equator. 
They  were  included  in  order  to  obtain  a  better  analysis 
in  the  equatorial  regions.  The  present  data  made  our 
analysis  more  complete  than  any'  other  similar  hemi¬ 
spheric  study,  and  we  are  thus  able  to  say  something 
about  the  seasonal  interchange  of  relative  angular 
momentum  Ijetween  the  two  hemispheres.  If  we  assume 
that  a  station’s  observations  are  representative  over  an 
area  of  a  circle  ot  radius  300  n  mi,  then  throughout  the 
Southern  Hemisphere  all  the  continents  are  well  repre¬ 
sented  except  for  the  interior  of  Brazil. 

We  received  data  from  only  two  South  Atlantic 
Ocean  stations,  viz.,  station  68-906  (Gough  Island),  and 
station  82  400  (Fernando  Noronha).  Unfortunately 
data  from  stations  83-650  (Ilha  da  Trinidad)  and  61-901 
(St.  Helena  Island)  were  not  available  during  the  analy¬ 
sis.  On  the  other  hand,  the  Indian  Ocean  had  good 
coverage.  Both  Malagasy  and  nearby  Vacoas  provided 
good  coverage.  However  data  from  96  996  (Cocos  Island) 
were  not  available  during  the  analy  sis.  Bersonand  Troup 
( 1961)  studied  the  angular  momentum  balance  in  the 
equatorial  trough  zone  of  the  eastern  hemisphere  and 
they  tabulated  the  values  of  u,  *?,  and  mV  from  all  the 


data  available  from  this  island  during  the  period  1956  -59. 
Their  computations  were  made  only  for  the  months 
December  through  February'.  During  the  analysis  of  our 
summer  data,  the  values  of  Person  and  Troup  were  used 
as  a  guide  only. 

The  region  of  greatest  uncertainty  in  the  present 
analysis  is  the  Pacific  Ocean.  Not  a  single  observation 
was  available  in  the  sector  bounded  roughly  by  the 
equator  and  latitude  60S,  and  by  longitudes  90\V  and 
HOW.  During  the  summer  months,  the  pilot  balloon 
observations  obtained  on  Cruise  VII  of  the  ship 
(  amegie  w  ere  used  as  a  guide  in  the  analysis  of  u  and  v 
for  the  regions  bounded  by  latitudes  10S  and  20S  and 
longitudes  100W  and  172W.  During  the  summer 
months,  whaling  ships  report  surface  synoptic  observa¬ 
tions  from  oceanic  regions  of  the  Southern  Hemisphere. 
Techniques  have  been  devised  to  construct  the  500-mb 
height  patterns  from  the  surface  circulation  pattern 
plus  the  1000-mb  heights  (see,  for  example,  Schmitt 
1953;  Taljaard  and  Van  Loon,  1960),  However  it  is  our 
intention  in  this  study  to  avoid  the  use  of  geostrophic 
winds,  and  little  advantage  was  gained  from  use  of  sur¬ 
face  observations. 

Aside  from  the  scatter  of  geographical  location  of  the 
observing  stations,  there  is  the  question  of  the  repre¬ 
sentativeness  of  the  observed  winds.  In  general,  pilot 
balloon  observations  are  less  representative  than  radio 
winds.  Pilot  balloon  observations  made  under  conditions 
of  cloudiness  and/or  strong  winds  are  usually  terminated 
at  low  levels.  The  longer  runs  are  made  when  the  winds 
are  light  and  the  sky  relatively  dear.  Therefore  the 
data  from  the  pilot  balloon  observing  stations  are 
usually  biased  in  favor  of  light  winds  and  fair  weather. 
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In  addition,  pilot  balloon  observations  usually  do  not 
extend  above  the  300  mb  level.  Fortunately,  in  regions 
where  the  circulations  are  intense,  radio  wind  equipment 
was  used.  Most  of  the  r&win  stations  have  fairly  com¬ 
plete  sets  of  data  at  least  up  to  100  mb  where  in  winter 
HQ  stations  and  In  summer  66  stations  reported  more  than 
one  half  of  the  possible  183  or  182  observations,  During 


the  winter  the  percentage  of  reports  drops  off  markedly 
at  SO  mb,  especially  over  the  Antarctic  continent.  This 
is  attributed  in  part  to  the  large  percentage  of  balloon 
bursts  due  to  the  extremely  cold  stratosphere.  The  tem¬ 
perature  of  the  Antarctic  stratosphere  occasionally 
drops  to  —  9GC  at  night  (Alt,  Astanpertko  and  Ropar, 
1959). 


3.  Equations 

The  steady  state  absolute  angular  momentum  balance  for  a  polar  cap  of  the  spherical  earth  can  be  written  in 
the  form 


Ors3#-1  cgsV 


mkdp+a-g-1 


r  _ 

cosV  i  /  urdkdp 


*+u  rtn  a*  ftp  /-iv  *i!i  At 

j  I  rs —  cospdkdyxlr+a^tf1  III  f  \  cost  <pdkd <pdp.  (1) 

J  *  J  o  d\  J  o  j  t  J  o 


By  taking  averages  over  longitude  the  equation  becomes 

/Pa  rPQ 

\y]dp+2-ra*f-'  cosV  j  [^dv~\dp 


/tr¥U  rinr  <>p~\  r*0  r*n 

j  J^r* — J  cosipdipdr+Ir^g"1  j  j  [T\\zo%i<pd<(>dp.  (2) 


Since  in  the  long  run,  there  is  no  net  mass  shift,  we 
can  write 


(3) 


We  shall  not  be  able  to  measure  the  separate  effects 
of  the  pressure  differential  and  frictional  torques  inde¬ 
pendently  from  wind  observatioas  but  their  combined 
effects  will  be  determined  when  we  consider  the  angular 
momentum  convergence  in  Section  7  of  this  paper. 


Over  the  six  month’s  period  used,  this  term  is  not  zero, 
due  to  the  difficulty  in  the  measurement  of  [»'],  and  so 
the  constraint  of  equation  (3)  is  used  by  defining  at 
each  level  the  quantity  jY]": 

[*><[»]) -DO",  («> 

where 


4.  Flux  of  relative  angular  momentum 

The  term 


2  rarg  _1  cos: 


(fa 

* 

J  o 


[uv}dp 


and 


—  f  £v}dp  =  {[»]}, 
pa  J  o 


fPQ 

L 


[vJ'dp^O. 


(5) 

(6) 


This  correction  then  allows  us  to  use  the  values  of  [f’]" 
at  each  level  as  a  corrected  estimate  of  [&]], 

The  torque  equation  (2)  then  states  that  for  the  polar 
cap,  the  relative  angular  momentum  flux  through  the 
latitudinal  wall  is  balanced  by  pressure  differentials 
across  mountain  barriers  and  frictional  torques  exerted 
at  the  ground  surface  of  the  polar  cap. 


can  be  written  in  the  form 


2ra-g~'1  cos V 


([«  V]-f  [w*t)*]+ [w3EX)")d/>. 


The  term  [ mV]  represents  a  contribution  to  the  mo¬ 
mentum  flux  which  depends  upon  the  presence  of  a 
time  correlation  between  the  instantaneous  values  of  u 
and  v  at  individual  points  along  a  latitude  circle.  This  is 
associated  with  the  temporal  variations  of  the  wind  at  a 
given  station,  and  will  be  referred  to  as  flux  due  to 
transient  eddies.  The  term  represents  a  contribu¬ 

tion  to  the  momentum  flux  which  is  due  to  the  presence 
of  a  spatial  correlation  between  the  time  means  u  and  v 


■  i 
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along  a  latitude  circle.  It  is  associated  with  the  asym¬ 
metry  of  the  seasonal  mean  streamline  jjattem,  and  is 
referred  to  as  flux  due  to  standing  eddies.  The  term 
["ujjjij"  represents  a  contribution  to  the  momentum 
flux  due  to  a  net  meridional  mass  flux  {$!['  during  the 
entire  period  at  a  given  level.  This  component  depends 
on  the  existence  of  mean  meridional  circulations. 

A)  Winter 

/.  Transient  eddies.  The  zonaliy  averaged  values  of 
the  relative  momentum  transport  by  the  transient 
eddies  are  shown  in  Table  1.  A  negative  value  of  the 
covariance  represents  a  poleward  (south  pole)  transport 


of  relative  angular  momentum,  while  positive  values 
indicate  equatorward  transport  of  relative  angular 
momentum.  The  table  indicates  that  negative  values 
predominate  in  the  region  between  5S  and  SOS.  The 
maximum  values  are  found  between  30S  and  35S  at 
300  mb.  Between  S5S  and  80S  equalorward  fluxes  are 
predominant.  The  maximum  flux  is  found  in  the  layer 
300-400  mb  between  60S  and  70S. 

When  the  vertical  integral  is  evaluated  and  the  units 
expressed  in  gm  cm-  sec-4,  it  is  found,  as  shown  by  the 
full  curve  of  Fig.  2,  that  the  maximum  poleward  flux  of 
relative  angular  momentum  by  the  transient  eddies  is 
at  32S  and  the  maximum  equalorward  transport  is  at 
64S.  The  correspondimg  magnitudes  are  respectively 


Tabu;  t.  Zonaliy  averaged  values  of  the  transient  eddy  transport  of  momentum  [mV]  in  winter  1938.  Units  are  in  m’  see'*5. 


Ut. 

PS) 

50 

100 

Pressure  level 
200  300 

in  millibars 
400 

500 

700 

850 

•Vertical 

integral 

Relative  angular 
momentum  flux 
(10“gro  end  set'5) 

so 

-0.39 

-0.03 

12.61 

18.72 

9.7  S 

8.58 

2.33 

— 

+56.47 

+0.44 

75 

0.05 

0.72 

15.92 

30.44 

24.31 

13.92 

8.83 

— 

+ 100.97 

+1.76 

70 

2.31 

5.08 

17.22 

34.36 

28.08 

14.64 

14.08 

8.83 

+  121.24 

+3.70 

65 

1.17 

7.39 

14.14 

25.11 

26.14 

12.17 

11.58 

7.36 

+  126.89 

+5.89 

60 

0.64 

6.36 

6.94 

11.42 

14.69 

5.69 

5.89 

4.56 

+67.40 

+4.38 

55 

0.97 

3.17 

-3.78 

-1.44 

2.50 

1.78 

1.56 

2.14 

+  10.60 

+0.90 

50 

1.45 

-0.44 

- 16.06 

-14.00 

- 10.08 

-2.72 

-2.92 

-0.31 

-49.27 

-5.29 

45 

1.06 

-4.22 

-22.75 

-23.94 

-19.83 

-7.47 

-6.72 

-2.83 

-98.22 

-12.76 

40 

0  72 

-7.44 

-29.92 

-34.61 

—  25.86 

- 10.92 

-7.72 

-5.36 

- 137.38 

-20.94 

35 

0.25 

-7.61 

-34.36 

-44.03 

-30.44 

-13.17 

-7.08 

-4.25 

- 156.06 

-27,23 

30 

-0.81 

-7.03 

-31.58 

-39.92 

-27.00 

-13.25 

-6.78 

-4.33 

- 145.89 

-28.42 

25 

-0.94 

-5.00 

-25.31 

-29.33 

-22.39 

-11.14 

-6.39 

-3.97 

-118.31 

-25.24 

20 

-0.36 

-1.78 

-15.78 

-20.05 

-13.61 

-8.42 

-5.39 

-4.47 

-83.16 

-19.08 

15 

-1.28 

0.53 

-7.31 

-11.75 

-8.44 

-5.22 

-4.22 

-4.42 

-53.22 

-12.90 

10 

-0.89 

2.17 

-1.28 

-5.11 

-5.81 

-2.14 

-1.92 

-4.17 

-27.19 

—6.85 

5 

-1.14 

2.42 

3.42 

-0.22 

-3.08 

-0.50 

-0.47 

-2.81 

—6.31 

-1.63 

0 

-1.78 

2.00 

6.67 

2.89 

-0.78 

0.81 

-0.08 

-1.19 

+  7.36 

+  1.91 

*  The  entries  in  the  column  “vertical  integral”  in  Tables  1-6  are  equal  to  the  weighted  sum  of  the  columns  to  the  left.  The  weights 
were  50  tub  0.75;  100  mb,  0.75;  200  mb,  1.0;  300  mb,  1.0;  400  mb,  1.0;  500  mb,  1.5;  700  mb,  175 -  and  850  mb  2.25.  In  latitudes 
65S-70S,  where  )>o~850  mb,  the  850-mb  weight  was  0.75.  In  latitudes  75S  and  80S,  where  po~ 700  mb,  the  850-mb  weight  was  aero 
and  the  700-rab  weight  was  1 .0. 


Table  2.  Zonaliy  averaged  value  of  the  standing  eddy  transport  of  momentum  [mV]  in  winter  1958.  Units  arc  in  m*  sec1. 


Lat. 

<°S) 

50 

100 

Pressure  level  in  millibars 

200  300  400  500 

700 

850 

80 

2.48 

0.97 

-0.43 

1.51 

-1.29 

-2.80 

-5.24 

— 

75 

3.98 

3.40 

-0.16 

-0.94 

-2.80 

-4.38 

-6.50 

-5.41 

70 

564 

3.82 

1.13 

—0  71 

-2.73 

-3.48 

-4.66 

65 

4.65 

2.80 

2.18 

-0.24 

-1.77 

-1.29 

-1.70 

-1.97 

60 

1.56 

1.83 

1.41 

-0.74 

-1.09 

0.23 

-0.83 

0.79 

55 

-0.59 

-0.39 

-1.19 

-0.13 

-0.47 

0.19 

-0.95 

0.97 

50 

1.48 

0.16 

071 

1.22 

1.08 

1.30 

0.05 

1.13 

45 

3.04 

0.45 

0.81 

0.26 

2.27 

1.12 

0.25 

0.83 

40 

2.47 

0.26 

—  1.61 

-0.48 

0.24 

0.81 

-0.16 

-0.05 

35 

0.70 

0.3! 

-2.55 

-0.92 

-1.36 

0.04 

-0.04 

-0.11 

30 

-0.04 

0.86 

-0.11 

-0.76 

-1.22 

0.06 

1.38 

0.37 

25 

-0.23 

1.70 

1.35 

0.03 

-0.18 

-0.11 

0.82 

0.32 

20 

-0.23 

1.3! 

-0.51 

0.10 

-002 

-0.58 

-0.73 

-0.50 

15 

0.02 

1.52 

-0.40 

0 

-0.22 

-0.47 

-0.89 

-0.57 

10 

-0.12 

0.95 

1.82 

0.10 

0.09 

0.12 

0.39 

-2.43 

c 

0.03 

0.46 

1.35 

0.04 

0.09 

0.39 

1.15 

0.39 

0 

-0.09 

1.08 

1.23 

0.03 

-0.07 

0.18 

0.34 

0.02 

Relative  angular 
•Vertical  momentum  flux 
in  tegral  (10*  gm  cm*  sec'1) 


-7.06 

-0.55 

-11.44 

-2.00 

-13.99 

-4.27 

-3.66 

-1.70 

2.81 

1.82 

-1.56 

-1.35 

8.78 

9.44 

9.93 

12.84 

1.03 

1.57 

-4.80 

-8.40 

1.86 

3.64 

4.30 

9.20 

-2.51 

-5.78 

-3.01 

-7.33 

-1.98 

-5.01 

5.31 

13.75 

2.83 

7.38 

*  See  Table  1  for  details. 
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28.8 X 10**  gm  cm*  sec"*  and  6X10“  gra  cm1  sec-*,  It  is 
noted  that  there  is  a  small  flow  of  relative  angular 
momentum  across  the  equator  into  the  Northern 
Hemisphere. 

2.  Standing  eddies.  The  transport  of  relative  angular 
momentum  by  these  eddies  was  obtained  through  the 
use  of  the  uncorrected  values  of  fjQ  in  equation  (4) 
such  that 

and 

The  zonally  averaged  values  of  the  standing  eddy  flux 
[€*8*3  is  shown  in  Table  2.  Unlike  the  transient  oldies, 
there  is  no  systematic  arrangement  of  the  signs  of  the 
standing  eddy  transport  of  relative  angular  momentum. 
Since  this  table,  except  the  last  column,  shows  linear 
momentum  transports  rather  than  angular  momentum 
transport,  one  has  to  multiply  each  value  by  cosfy  in 
order  to  compare  the  relative  angular  momentum  trans¬ 
port  across  each  latitude  circle.  If  one  takes  this  factor 
into  consideration,  then  the  largest  equatorward  fluxes 
are  found  in  the  upper  troposphere  of  the  equatorial  and 
tropical  regions.  Other  large  equatorward  fluxes  are 
observed  at  the  50-mb  level  in  the  latitude  belt  60S  to 
70S.  The  largest  poleward  fluxes  are  observed  at  the 
200-mb  level  in  the  belt  35S-40S.  The  standing  eddies 
in  the  Antarctic  troposphere  transport  relative  angular 
momentum  poleward,  while  in  the  lower  stratosphere 
they  transport  the  relative  angular  momentum  equator- 
ward.  The  last  column  of  the  table  shows  that  the  total 
relative  angular  momentum  fluxes  across  the  higher 
latitudes  are  poleward.  This  is  opposite  to  the  direction 
of  the  flux  due  to  the  transient  eddies.  Between  latitudes 
10S  and  20S,  the  transport  by  these  eddies  is  poleward, 
as  is  the  flux  due  to  the  transient  eddies. 

The  dotted  curve  of  Fig.  2  shows  these  total  fluxes  by 
the  standing  eddies  as  a  function  of  latitude.  The  maxi¬ 


mum  flux  of  I.40X20*4  gm  cm*  sec*  is  muchs  mailer 
than  the  maximum  due  to  the  transient  eddies 
(28.8X10**  gm  cm*  sec-*).  This  important  result  is  to 
be  compared  with  the  results  obtained  by  Starr  and 
White  (1954)  and  the  yearly  results  of  Buch  (1954)  for 
the  Northern  Hemisphere.  Their  results  indicate  that  in 
middle  latitudes,  the  standing  eddies  transport  (pole¬ 
ward)  as  much  as  20  per  cent  of  the  maximum  flux  of 
relative  angular  momentum  transported  by  the  tran¬ 
sient  eddies. 

3.  Mean  meridional  motion.  The  exact  contribution 
of  this  term  in  the  relative  angular  momentum  transport 
is  quite  uncertain.  This  is  because  of  the  difficulty  in 
the  measurement  of  the  mean  meridional  motion.  How¬ 
ever,  the  values  of  [tfj"  in  accordance  with  equation  (4) 
have  been  used  in  the  computation  of  the  mean  meridio¬ 
nal  flux  of  zonal  momentum  across  various  latitude 
circles  as  shown  in  Table  3.  Because  of  the  uncertainties 
inherent  in  the  tabulated  values,  no  detailed  discussion 
of  this  table  will  be  made.  The  last  column  of  the  table 
shows  the  vertically  integrated  total  flux  across  various 
latitude  circles.  The  fluxes  are  poleward  in  the  regions 
SOS  to  80S  and  from  the  equator  to  19S.  Equatorward 
fluxes  are  observed  between  20S  and  45S.  These  fluxes 
are  in  an  opposite  sense  to  the  fluxes  due  to  the  transient 
eddies.  The  maximum  poleward  fluxes  are  observed 
between  55S  and  60S  while  the  maximum  equatorward 
fluxes  are  observed  between  25S  and  30S. 

Again  the  dashed  curve  of  Fig.  2  shows  the  flux  due  to 
the  mean  meridional  circulation.  This  curve  shows  a 
maximum  equatorward  flux  of  5.3 X  10*4  gm  cm*  sec-*  at 
about  27S. 

B)  Summer 

J.  Transient  eddies.  The  zonally  averaged  values  of 
the  relative  momentum  transport  by  the  transient  eddies 
is  shown  in  Table  4.  The  table  shows  that  poleward 
fluxes  occur  almost  at  all  levels  between  the  equator  and 


Fic.  2.  Vertically  integrated  mean  relative  angular  momentum 
flux  across  various  latitudes  in  winter  1958.  The  full  curve  is  flux 
due  to  the  transient  eddies,  the  dashed  curve  due  to  mean  merid¬ 
ional  motion  and  the  dotted  curve  is  due  to  the  standing  eddies. 
Units  are  in  10**  gm  cm*  sec-*. 


Fig.  3.  Vertically  integrated  mean  relative  angular  momentum 
flux  across  various  latitudes  in  summer  1958.  The  full  curve  is 
flux  due  to  the  transient  eddies,  the  dashed  curve  is  due  to  mean 
meridional  motion  and  the  dotted  carve  is  due  to  the  standing 
eddies.  Units  are  in  10**  gm  cm*  sec”*. 
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Table  3.  Zonally  averaged  values  of  the  mean  meridional  transport  of  momentum  [>30T)"  in  winter  1938.  Units  are  in  m*  sec-1. 


hat. 

(*S) 

50 

100 

Pressure  level  in  millibars 
200  300  400 

500 

700 

850 

Relative  angular 
•Vertical  momentum  flux 
integral  (10**  gm  cm1  sec-1) 

80 

2.90 

-0.78 

1.14 

-0.85 

-1.51 

-0.48 

0.03 

—0.32 

-0.03 

75 

0.79 

-1.91 

3.44 

-1.48 

-0.05 

-0.84 

0.17 

-- 

-0.02 

0 

70 

-7.06 

-2.48 

2.56 

0.11 

-0.57 

-2.73 

0.63 

-1.68 

-9.31 

-2.83 

65 

-7.90 

-7.90 

-1.17 

2.81 

—  1.14 

-4.97 

1.70 

0.24 

-15.65 

-7.28 

60 

-12.85 

-13.40 

—  7.5i 

-2.06 

-6.23 

“S.67 

2.79 

2.75 

-36.77 

-23.90 

55 

-10.79 

-19.08 

-9.78 

-2.36 

-7,88 

-1.47 

3.86 

3.68 

-7<\59 

— 25.33 

50 

-7.48 

-10.85 

-6.31 

-2.89 

-5.56 

3.49 

2.06 

1.96 

-15.26 

-16.40 

45 

-4.12 

-4.16 

-1.98 

5.07 

-1.45 

4.98 

0.46 

0.86 

5.64 

7.34 

40 

-0.37 

-1.54 

1.95 

7.27 

3.69 

4.13 

-1.97 

-2.67 

8.22 

12.54 

35 

1.64 

-0.23 

6.77 

12.08 

2.93 

2.44 

-2.90 

-1.92 

17.10 

29.86 

30 

-0.7S 

-1.51 

13.81 

14.55 

2,09 

1.86 

-2 .45 

-0.48 

26.18 

51.05 

25 

-0.45 

-2.6! 

12.46 

11.56 

0.82 

2.06 

-5.37 

-0.02 

23,19 

49.53 

20 

0.40 

-1.91 

0.64 

2.83 

-0.24 

0.91 

-0.11 

-0.04 

3.18 

7.30 

15 

0.83 

-2.32 

-3.73 

-0.90 

-0.26 

-0.47 

-0.15 

-1.68 

- 10.76 

-26.11 

10 

0.75 

-1.05 

-2.26 

-0.79 

-0.03 

0.77 

-0.62 

-3.72 

-11.60 

-29.26 

5 

-0,54 

0 

0,96 

1.79 

-0.53 

1.47 

-1.42 

-2.59 

-4.29 

-11.07 

0 

-1.58 

0.47 

3.77 

3.28 

-2.00 

0.85 

-1.27 

-1.36 

0.21 

0.55 

Table  4.  Zonally  averaged  values  of  the  transient  eddy  transport  of  momentum  [uVj  in  summer  1958.  Units  are  in  m*  sec1. 


Lat. 

£°S) 

50 

100 

Pressure  level  in  millibars 

200  300  400  500 

700 

850 

Relative  angular 
•Vertical  momentum  flux 
integral  (10“  gm  cm*  sec-1) 

80 

-0.22 

0.08 

8.33 

12.92 

1.78 

4.81 

7.64 

_ 

43.51 

0.34 

75 

-1.25 

2.22 

11.81 

20.17 

11.81 

9,75 

10.39 

— 

77.32 

1.35 

70 

-2.69 

3.64 

8.94 

16.25 

15.08 

11.25 

9.08 

7.00 

89.50 

2.7  3 

65 

-3.19 

1.61 

0.58 

3.28 

9.31 

5.36 

4.91 

6.08 

42.30 

1.97 

60 

-3.89 

-2.72 

-10.01 

-9.39 

0.27 

-2.28 

-0.97 

3.11 

-22.21 

-1.45 

55 

-4.97 

-7.47 

-21.50 

-20.03 

-8.67 

-8.56 

-6.11 

-2.44 

-88  55 

-7.59 

SO 

-4.97 

-10.58 

-33.80 

-30.19 

-16.27 

-11.94 

-10.13 

-9.39 

-148.69 

-16.01 

45 

-356 

-11.38 

-42.08 

-38  14 

-21.69 

-12.42 

-11.61 

-12.56 

-180.32 

-23.51 

40 

-2.91 

-9.81 

-45.50 

-40.72 

-22.38 

-11.83 

—10.36 

-10.42 

-177.46 

-27.15 

3S 

-2.33 

-10.86 

-46.56 

-36.19 

-20.06 

-12.00 

-10.03 

-6.14 

-162.06 

-28.36 

30 

-0.72 

-13.83 

-39.83 

-27.17 

-17.97 

-11.81 

-9.44 

-3.75 

-138.36 

-27.05 

25 

-0.11 

-14  92 

-28.06 

-18.31 

-14.61 

-11.61 

-7.72 

-3.39 

-110.80 

-23.73 

20 

0.17 

- 12.36 

-15.69 

-10.28 

—  8.53 

-10.94 

-5.89 

-4.25 

-79.92 

-18.40 

15 

0.14 

-7.86 

-6.22 

-3.47 

-4.89 

-9.00 

-4.31 

-4.94 

-52.52 

-12.78 

10 

-0.47 

-4.69 

-0.83 

0.97 

-2.22 

-5.36 

-2.31 

-4.94 

-29.14 

-7.37 

5 

-2.92 

-3.86 

-1.69 

1.86 

-0.81 

-2.28 

-0.56 

-2.11 

-14.87 

-3.85 

0 

-2.17 

-3.00 

-3.58 

’.67 

0.56 

0 

0.47 

0 

-4.41 

-1.15 

Table  S.  Zonally  averaged  values  of  the  standing  eddy  transport  of  momentum  £u*f*]  in  summer  1958.  Units  are  in  m*  sec-*. 


Lat. 

<°S) 

50 

100 

Pressure  level  in  millibars 

200  300  400  500 

700 

850 

Relative  angular 
•Vertical  momentum  flux 
integral  (10**  gm  cm1  sec-1) 

80 

2.61 

1.02 

-2.45 

-7.30 

-5.87 

-6.42 

-3.77 

_ 

-26.29 

-2.08 

75 

080 

0.18 

-3.39 

-5.59 

-6.76 

-6.22 

-4,46 

— 

-28.79 

-5.01 

70 

2.05 

0.62 

-2.46 

-3.06 

-5.51 

-6.64 

-4.14 

0.02 

-25.84 

-7.93 

65 

4.17 

1.00 

-0.24 

-0.23 

-3.13 

-6.62 

-3.79 

-1,01 

-17.04 

-7.93 

60 

2.09 

0.01 

0.21 

-0.51 

-0.43 

-6.45 

-1.15 

0,31 

— 10.14 

-6.59 

55 

-1.00 

0.38 

0.35 

0.40 

1.26 

-2.87 

-0.18 

0.03 

-3.01 

-2.60 

50 

-247 

1.02 

1.25 

2.76 

2.71 

0.43 

0.16 

-0.41 

5.65 

6.07 

45 

-1.46 

1.75 

4.31 

6.02 

2.80 

3.43 

0.86 

-0.64 

18.56 

24.17 

40 

-0.90 

1.79 

5.05 

5.42 

1.64 

2.93 

1.11 

-0.35 

18.34 

28.03 

35 

-0.87 

0.84 

1.57 

2.27 

0.25 

3.92 

1.12 

-0.43 

7.94 

13.90 

30 

-0.40 

1.17 

-1.35 

-2.03 

-1.13 

0,72 

1.63 

0.06 

1.40 

2.73 

25 

0.19 

0.94 

-4.46 

-3.43 

-2.56 

-0.49 

0.46 

0.17 

-9.09 

-17.88 

20 

-0.17 

-0.72 

-2.63 

-2.80 

-2.79 

-0.69 

-0.39 

0.19 

-10.17 

-23.42 

15 

-0.82 

-1.21 

-2.18 

-2.59 

-2.25 

-0.71 

-1.15 

-0.06 

-11.74 

-28.56 

10 

-1.06 

-0.73 

-3.10 

-1.61 

-0.55 

-0.17 

-0.74 

-0.46 

-9.17 

-23.19 

5 

-0.37 

0.44 

-6.18 

-1.88 

0.85 

-0.13 

-0.12 

-1.09 

- 10.01 

-25.91 

0 

0.30 

-1.22 

-8.45 

-1,93 

1.39 

0.12 

-0.20 

-2.39 

-15.23 

-39.72 

*  See  Table  1  for  details. 
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60S.  Between  65S  and  80S  equatorward  fluxes  are  ob¬ 
served  at  all  levels  except  at  50  mb.  The  maximum  rela¬ 
tive  angular  momentum  fluxes  due  to  these  eddies  are 
found  between  30S  and  35S  at  200  mb.  The  maximum 
equatorward  flux  of  relative  angular  momentum  is  found 
at  300  mb  at  latitude  75S. 

The  full  curve  of  Fig.  3  shows  the  profile  of  the 
vertically  integrated  total  flux  of  relative  angular 
momentum  due  to  the  transient  eddies  in  the  summer. 
The  maximum  poleward  flux  (28.4X10“  gm  cm*  sec"2) 
1$  centered  at  3SS.  The  maximum  equatorward  flux 
(3X10“  gm  cm*  sec-*)  is  observed  at  68S.  At  the 
equator,  there  is  an  influx  of  1.2X10“  gm  cm*  sec-* 
from  the  Northern  Hemisphere. 

2.  Standing  eddies.  Table  5  shows  the  zonal! y  aver¬ 
aged  values  of  relative  zonal  momentum  flux  due  to  the 
standing  eddies  in  the  summer.  Poleward  fluxes  pre¬ 
dominate  between  the  equator  and  30S.  The  maximum 
poleward  flux  of  relative  angular  momentum  due  to 
these  eddies  is  observed  at  the  equator  at  the  200-mb 
level. 

The  vertically  integrated  total  flux  of  relative  angular 
momentum  due  to  the  standing  eddies  is  shown  by  the 
dotted  curve  of  Fig.  3.  The  curve  shows  that  the  maxi¬ 
mum  poleward  flux  (4X 10“  gm  cm*  sec-*)  is  observed 
at  the  equator.  Between  the  equator  and  30S  and  be¬ 
tween  55S  and  80S  the  fluxes  are  poleward,  while  be¬ 
tween  30S  and  55S  the  fluxes  are  equatorward.  The 
maximum  equatorward  flux  is  less  than  3X10“  gm 
cm*  sec-*. 

3.  Mean  meridional  motion.  Table  6  shows  the  zonally 
averaged  values  of  the  relative  zonal  momentum  flux 
due  to  mean  meridional  motion.  Poleward  fluxes  pre¬ 
dominate  in  the  regions  where  direct  cells  are  observed. 
Equatorward  fluxes  are  predominant  in  regions  occupied 
by  the  indirect  cell  of  the  middle  latitudes.  The  fluxes 


Fig,  4.  Seasonal  variation  of  relative  angular  momentum  trans¬ 
port  (poleward)  by  the  transient  eddies.  The  curves  indicate 
winter  transport  minus  summer  transport .  The  unit  are  in  2.6X  10*1 
gm  cm*  sec“*  mb-'. 


at  all  levels  in  the  tropical  regions  are  very  small  (less 
than  1  m*  sec-*). 

The  dashed  curve  of  Fig.  3  shows  the  profile  of  the 
vertically  integrated  flux  of  relative  angular  momentum 
due  to  the  mean  meridional  motion.  The  curve  shows  a 
maximum  poleward  flux  (0.9X10“  gm  cm*  sec-*)  at 
17.5S.  The  maximum  equatorward  flux  (4X 10“  gm  cm* 
sec-*)  is  observed  at  32.SS.  This  latitude  corresponds 
approximately  to  the  latitude  where  the  maximum 
transient  eddy  poleward  flux  of  relative  angular  mo¬ 
mentum  is  observed. 

5.  Seasonal  variation  of  relative  angular  momentum 
transport 

Fig.  4  shows  the  seasonal  variation  of  relative  angular 
momentum  transport  due  to  the  transient  eddies.  The 
curves  were  obtained  by  subtracting  the  summer  trans¬ 
ports  at  each  grid  point  of  the  p—<p  plane  from  the 


Table  6.  Zonally  averaged  values  of  the  mean  meridional  transport  of  momentum  (tiJM"  in  summer  1958.  Units  are  in  m5  sec"*. 

Relative  angular 

Lat.  Pressure  level  in  millibars  ‘Vertical  momentum  flux 


(°S) 

50 

100 

200 

300 

400 

500 

700 

850 

integral 

(10**  gm  cm*  sec-*) 

80 

-3.22 

-2.57 

-0.79 

-0.01 

-0.04 

0.08 

-0.11 

_ 

-5.17 

-0.41 

75 

-3.96 

-2.95 

-1.55 

-0.30 

0.54 

0.62 

-0  24 

— 

-5.80 

-1.01 

70 

-2.95 

-0,94 

-1.74 

-0.08 

0.40 

-0.03 

0  01 

-2.10 

-5.94 

-1.81 

65 

0.41 

4.99 

-1.44 

1.41 

-0.16 

-0.96 

-0.38 

-0.42 

1.44 

0.67 

60 

2.16 

9.10 

2.20 

4.17 

-0.12 

-4.10 

-0.16 

-0.30 

7.59 

4.93 

55 

2.87 

10.79 

9.42 

9.37 

1.97 

-7.85 

2.38 

-3.28 

16.02 

13.71 

50 

2.23 

11,86 

16.13 

14.54 

3.21 

-10.35 

2.81 

-6.84 

18.45 

19.83 

45 

0.99 

10.40 

17.81 

15.52 

4.80 

-8.87 

0.28 

-6.42 

19.41 

25.25 

40 

0.35 

11.47 

15.88 

13.07 

3.67 

-2.21 

-2.79 

-5.02 

21.99 

33.56 

35 

—  0.1 1 

12.89 

8.66 

13.56 

3.11 

-2.65 

-2.72 

-1.91 

21.88 

38.20 

.30 

-0.74 

8.81 

5.00 

12,53 

1.52 

-1.28 

-2.15 

-0.44 

18.43 

35.94 

25 

-2.17 

4.82 

4.52 

6.82 

0.94 

0.25 

-0.77 

0.24 

13.84 

29.56 

20 

-2.65 

1.65 

-1.14 

1.20 

-0.43 

-0.07 

-0.09 

0,03 

-1.32 

-3.03 

15 

-1.07 

0.55 

- 1.10 

-0.33 

-0.81 

-0.13 

-0.13 

0.06 

-2.92 

-7.09 

10 

0.40 

0.18 

0 

-0.08 

-0.20 

0 

-0.28 

0 

-0.34 

-0.86 

5 

1.10 

-0.07 

0.66 

-0.09 

0 

0.29 

-0.40 

-0.18 

0.67 

1.73 

0 

0.07 

-0.10 

0.92 

-0.01 

-0.10 

0.42 

-0.07 

0.21 

1.77 

4.60 

•  See  Table  1  far  details. 
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winter  transports.  The  regions  of  maximum  variability 
are  observed  in  the  upper  troposphere  and  lower  strato¬ 
sphere  of  the  latitude  belt  15S  to  60S.  In  both  seasons, 
as  shown  by  Tables  1  and  4,  the  transient  eddy  relative 
angular  momentum  fluxes  are  poleward  (except  very 
near  latitude  60S).  We  conclude  that  in  this  region  of 
maximum  variability,  positive  values  of  Fig.  4  represent 
regions  where  the  summer  poleward  fluxes  exceed  the 
winter  poleward  fluxes  (and  vice  versa  for  negative 
values). 

The  largest  seasonal  variations  are  observed  in  the 
troposphere  and  lower  stratosphere  in  the  region  450  mb 
to  50  mb  from  latitude  60S  to  the  equator.  The  maxi¬ 
mum  negative  values  are  observed  at  300  mb  between 
latitudes  30S  and  20S.  The  maximum  positive  values  of 
about  the  same  magnitude  is  observed  at  200  mb  be¬ 
tween  latitudes  47.5S  and  3SS.  Hence  a  marked  vertical 
fluctuation  (200  mb  to  300  mb)  of  the  region  of  maxi¬ 
mum  flux  of  relative  angular  momentum  from  season 
to  season  is  indicated.  A  latitudinal  shift  is  also  observed. 
The  latitude  and  levels  where  the  maximum  fluxes  occur 
are  higher  in  the  summer  than  in  the  winter.  A  second 
zone  of  maximum  fluxes  of  relative  angular  momentum 
is  observed  in  the  lower  stratosphere  in  the  latitude 
belt  27.5S  to  17.5S.  Fig.  10  also  show's  the  seasonal 
variations  as  a  function  of  pressure  and  latitude.  The 
figure  shows  that  the  seasonal  variation  at  30S  is  more 
pronounced  in  the  vertical  shifts  of  zones  of  maximum 
fluxes  while  at  55S  the  seasonal  variation  is  more 
pronounced,  with  little  vertical  displacements. 

From  the  solid  curves  of  Figs.  2  and  3,  the  seasonal 
variations  of  the  vertically  integrated  total  fluxes  of 
relative  angular  momentum  due  to  the  transient  eddies 
can  be  inferred.  The  peaks  of  the  poleward  fluxes  during 
the  winter  and  summer  are  at  32S  and  35S,  respectively. 
There  is  a  difference  of  0.4X  10s4  gm  cm*  sec-2  in  the 
amplitudes.  The  peaks  of  the  equatorward  fluxes  in  the 
same  seasons  are  at  64S  and  68S,  respectively.  The 
difference  in  the  amplitudes  is  3.0X  10“  gm  cm’  sec"2. 
The  summer  curve  is  much  broader  than  the  winter 
curve.  The  two  curves  show  that  the  major  seasonal 
variations  occur  between  35S  and  70S.  The  largest 
variation  of  about  10. 8X 10“  gm  cm5  sec-2  is  observed 
at  47S.  A  variation  of  3.0X  102S  gm  cm2  sec-2  is  observed 
at  the  equator. 

The  dotted  curves  of  the  figures  show  the  vertically 
integrated  standing  eddy  fluxes.  Unlike  the  transient 
eddies,  there  is  no  well  organized  distribution  of  the 
standing  eddy  flux  of  relative  angular  momentum  in 
the  winter.  The  largest  variation  of  4.7 X1024  gra  cm2 
sec-2  is  observed  at  the  equator.  The  seasonal  variations 
are  greatest  between  the  equator  and  5S.  In  other  lati¬ 
tudes  the  variations  are  less  than  2X 1024  gm  cm*  sec-*. 

The  dashed  curves  of  the  figures  show  the  vertically 
integrated  transport  of  relative  angular  momentum  by 
the  mean  meridional  motion.  The  largest  seasonal  varia¬ 
tion  (less  than  3X1024  gm  cm2  sec-2)  is  observed  at  IDS. 


Other  regions  of  notable  seasonal  variations  are  found 
between  45S  and  65S. 

6.  Hemispheric  variation  of  relative  angular 
momentum  flux 

The  yearly  mean  values  of  the  momentum  flux  are 
still  being  processed,  but  it  is  assumed  that  the  winter 
and  summer  averages  of  the  fluxes  will  give  a  representa¬ 
tive  idea  of  the  yearly  flux.  It  is  unfortunate  that  no 
published  seasonal  studies  are  available  for  the  entire 
Northern  Hemisphere.  For  this  reason  our  comparison 
will  be  based  on  yearly  fluxes,  using  the  1950  data 
presented  by  Buch  (1954)  for  the  Northern  Hemisphere. 

Fig.  S  shows  the  annual  poleward  flux  of  relative 
angular  momentum  by  the  transient  eddies  in  the 
Southern  Hemisphere.  Large  poleward  fluxes  are  ob¬ 
served  in  a  deep  layer  of  the  troposphere  at  the  latitude 
belts  20S  to  50S.  The  largest  fluxes  are  observed  between 
the  200-  and  300-mb  layers  in  the  latitude  belt  30S  to 
35S.  South  of  60S  the  fluxes  are  everywhere  equatorward. 

Fig.  6  shows  the  fluxes  due  to  the  transient  eddies  in 
the  Northern  Hemisphere.  Large  poleward  fluxes  are 
observed  in  a  shallower  and  narrower  layer  than  in  the 
Southern  Hemisphere.  The  largest  fluxes  are  observed 


Ftc.  5.  Poleward  flux  of  relative  angular  momentum  due  to  the 
transient  eddies  for  the  year  1958.  The  curves  arc  obtained  by 
taking  the  winter  and  summer  mean.  The  units  are  in  2.6X10*! 
gm  cm*  see-1  rob-1. 


Fig.  6.  Poleward  flux  of  relr.cive  angular  momentum  due  to  the 
transient  eddies  for  the  year  1950.  The  curves  are  obtained  by 
using  Buch’s  data.  The  units  are  in  2.6X10*1  gm  cm’  sec-*  mb-1. 
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Fig.  7.  Vertically  integrated  mean  relative  angular  momentum 
Bus  across  various  latitudes  by  the  transient  eddies.  The  full  ettrve 
is  the  summer  and  winter  mean  for  the  Southern  Hemisphere  in 
1958.  The  dashed  curve  is  the  result  obtained  by  Budb  for  the 
Northern  Hemisphere  1950.  Units  are  in  10**  gm  cm*  sec-*. 


Fig.  8.  Vertically  integrated  mean  relative  angular  momentum 
flu*  across  various  latitudes  by  the  standing  eddies.  The  full  curve 
is  the  summer  and  winter  mean  for  the  Southern  Hemisphere  in 
1958.  The  dashed  curve  is  the  result  obtained  by  Buch  for  the 
Northern  Hemisphere  1950.  Units  are  in  10“  gm  cm*  sec-*. 


Fig.  9.  Vertically  integrated  mean  relative  angular  momentum 
flux  across  various  latitudes  by  the  mean  meridional  motion. 
The  full  curve  is  the  summer  and  winter  mean  for  the  Southern 
Hemisphere  in  1958.  The  dashed  curve  is  the  result  obtained  by 
Buch  for  the  Northern  Hemisphere  1950.  Units  are  in  10**  gm 
cm*  sec-1. 


at  the  200-mb  level  in  the  latitude  belt  20N  to  30N.  The 
maximum  flux  at  this  level  is  about  70  per  cent  of  the 
maximum  flux  in  the  Southern  Hemisphere.  Poleward 
of  60  deg  the  equatorward  fluxes  appear  to  be  larger  in 
the  Southern  Hemisphere  than  in  the  Northern 
Hemisphere. 

Fig.  7  shows  the  vertically  integrated  fluxes  due  to  the 
transient  eddies  in  the  two  hemispheres.  The  curves 
show  that  the  maximum  poleward  transient  eddy  flux 
is  at  24N  (25.4  XlO35  gm  cm3  see-3)  in  the  Northern 
Hemisphere,  while  in  the  Southern  Hemisphere,  this 
flux  s  28.5  XlO34  gm  cm3  sec  3  at  32S.  The  maximum4 
equatiorward  flux  in  the  Southern  Hemisphere  (4.5  X 10* 
gm  cm3  see-4}  is  at  66S,  while  in  the  Northern  Hemi¬ 
sphere,  this  flux  is  0.5  X I014  gm  cm5  sec' 3  at  65N.  The 
curves  show  that  the  largest  differences  are  observed 
between  latitudes  30  and  50  deg,  and  between  60  and 
80  deg. 

Fig.  8  shows  the  standing  eddy  fluxes.  (Note  the 
expanded  vertical  scale.)  The  solid  curve  is  for  the 
Southern  Hemisphere  and  the  dashed  curve  for  the 
Northern  Hemisphere.  The  maximum  poleward  flux  in 
the  Southern  Hemisphere  is  1.8X1034  gm  cm3  sec-3  at 
15S,  while  in  the  Northern  Hemisphere  a  poleward 
flux  of  6X 1034  gm  cm3  sec-3  is  observed  at  29N.  In  the 
Southern  Hemisphere  the  standing  eddies  transport 
relative  angular  momentum  equatorward  over  a  broad 
region  (between  53S  and  28S),  while  in  the  Northern 
Hemisphere,  there  are  no  regions  of  significant  equator- 
ward  transports. 

Fig.  9  shows  the  flux  of  relative  angular  momentum 
due  to  mean  meridional  motion.  The  maximum  pole- 
ward  flux  of  1 .8X 1034  gm  cm3  sec-3  is  at  14S.  A  smaller 
maximum  of  0.9X  1034  gm  cm4  sec-3  is  at  60S.  In  the 
Northern  Hemisphere  a  maximum  poleward  flux  of 
1 .0  X 1034  gm  cm3  sec-4  is  suggested  at  10N,  a  smaller  one 
of  0.4X  1044gm  cm4  sec-4  is  at  about  60N.  The  maximum 
equatorward  flux  in  the  Southern  Hemisphere  is 
4.4X1024  gm  cm4  see-4  at  29S.  In  the  Northern  Hemi¬ 
sphere  this  maximum  is  about  1.0X1044at  20N.  Owing 
to  the  uncertainties  ia  the  measurement  of  the  mean 
meridional  motions,  it  is  safer  to  assume  that  the  curves 
of  Fig.  7  which  represent  the  transient  eddy  fluxes  are 
more  representative  for  their  respective  hemispheres. 

Another  distinction  between  the  two  hemispheres  is 
indicated  by  the  curves  of  Fig.  10.  The  curves  show  the 
vertical  profiles  of  the  transient  eddy  transport  of 
momentum  on  a  linear  pressure  scale  showing  the  sea¬ 
sonal  variations.  At  30S,  the  maximum  poleward  flux 
(41  m4  see-4)  during  the  winter  is  at  270  mb.  During  the 
summer  this  maximum  decreased  by  1  m*  sec-4  and  is 
displaced  vertically  to  the  220-mb  level.  The  variation 
below  the  500-mb  level  remains  small.  The  maximum 
variation  (12  rn3  sec-4)  is  observed  at  the  300-mb  level. 
This  result  is  compared  with  the  profiles  presented  by 
Starr  and  White  (1952)  for  the  Northern  Hemisphere  at 
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Fig.  10.  Vertical  profiles  oi  the  eddy  transport  of  momentum  on  a  linear  pressure  scale  showing  the 
seasonal  variations.  The  full  curves  are  for  winter  and  the  dashed  curves  for  summer  1958.  The  curves 
for  31  N  were  taken  from  Starr  and  White  (1952). 


latitude  3  IN.  Their  summer  includes  the  months  of  May 
to  October  1949  and  their  winter  includes  the  six  months 
February-April  1949,  November-December  1949  and 
January  1950.  Their  profiles  show  that  during  the  winter 
there  is  a  maximum  flux  of  63  m2  sec  *  at  230  mb.  The 
maximum  flux  in  the  summer  is  43  m2  sec"2  found  at 
200  mb.  The  largest  variation  is  about  23  m2  sec-*  at 
230  mb.  Large  variations  exist  down  to  700  mb.  Since 
the  largest  variations  in  any  latitude  of  the  Southern 
Hemisphere  are  found  at  about  55S,  the  profile  for  this 
latitude  is  included  in  Fig.  10.  It  is  observed  that  the 
maximum  flux  in  the  winter  is  4  m2  sec  2  at  230  mb.  In 
the  summer  this  flux  is  25  m2  sec-2  at  250  mb.  In  general, 
the  fluxes  are  larger  in  the  summer  than  in  the  winter, 
the  reverse  of  what  is  observed  at  31N.  The  maximum 
variation  at  55S  is  21  ms  sec at  250  mb.  Though  this 
value  appears  to  be  the  largest  zonal  momentum  varia¬ 
tion  in  the  whole  hemisphere,  when  one  thinks  in  terms 
of  relative  angular  momentum,  the  value  is  actually 
small. 

7.  Computation  of  the  mean  surface  stress  from 
the  relative  angular  momentum  flux 

The  zonal  equation  of  motion  can  be  written  in  the 
form 


du  did  duv  cos- ip  dmi  <D$ 

— + - + - +— — /»= - - +-fx. 

dl  acos<pdX  acos-pdp  dp  acostpdX 

If  we  take  zonal  averages,  we  obtain 


dfwj  dTuvl  cos2cj  dfuwl 

+— ■ -m= 

a.coS‘y>dy>  dp 


If  one  now  introduces  the  approximate  relation 

dp 

one  obtains,  after  integration  with  respect  to  pressure, 
and  use  of  the  boundary  conditions  cj— 0  and  Oat 
0,  the  equation 


r 

Jv»di 


r 


3[wiJ  cosV 


J*a  a  cos ‘‘ipdip 


dp- pE] 


*—»o 


■£».] 


P-WO' 


Since  we  are  dealing  with  mean  conditions  for  a  season, 
where  £«3  is  the  zonally  aveiaged  time  mean  of  u,  it 
follows  that  —  0,  approximately.  If  we  further 

assume  that  the  zonally  averaged  correlation  between  u 
and  «  at  the  ground  (pa)  is  very  small  then  we  can 
neglect  the  term  [uuJp-f,,-  Near  mountain  ranges  this 
assumption  may  not  be  valid  strictly,  but  probably  no 
large  error  is  involved.  We  are  thus  left  with  the  con¬ 
vergence  equation 


(ag  cos!y>)  1 —  f  ([«  V]+  [m*£*]+ cos2 tpdp 
dip  Jpg 

~  C*  Jp-RG* 

In  the  evaluation  of  the  integrand,  we  shall  neglect  the 
effect  of  the  mean  meridional  circulations.  It  is  felt  that 
their  omission  will  not  lead  to  too  serious  errors. 

The  computed  mean  surface  stress  in  the  winter  is 
shown  in  Fig.  11.  The  solid  curve  is  the  stress  computed 
from  the  convergence  of  the  relative  angular  momentum 
due  to  both  transient  and  standing  eddies.  The  dashed- 
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dot  curve  is  the  stress  computed  from  the  convergence 
due  to  the  transient  eddies.  The  dashed  curve  is  the 
value  obtained  by  Priestley  (1951)  for  July  using  surface 
climatological  wind  data  over  the  Southern  Hemisphere 
oceans. 

The  solid  curve  shows  that  between  32.5S  and  64S, 

J  is  negative.  (Attention  must  be  given  here  to  the 
sign  convention  implied  by  the  equations  written 
above.)  There  is  a  numerical  maximum  of  1.2  dynes 
cm-*  at  about  44S.  The  belt  of  the  850-mb  level 
westerlies  in  winter  (Obasi,  1963)  extends  from  about 
24S  to  66S.  The  maximum  value  of  the  surface  westerlies 
is  suggested  to  be  at  45S.  From  considerations  of  the 
850-mb  level  westerlies  in  winter,  it  appears  that  the 
belt  of  surface  westerlies  is  in  good  agreement  with  the 
frictional  stress  exerted  by  the  atmosphere  on  earth. 
Between  the  equator  and  32.5S,  the  values  of  J  are 
positive.  A  maximum  of  0.54  dyne  cm-1  is  observed  at 
9S.  The  850-mb  level  winds  indicate  that  easterlies  exist 
in  these  regions  and  that  the  maximum  is  at  10S.  Again 
a  good  agreement  is  thus  obtained.  Beyond  64S  positive 
values  of  [f ,J  are  observed.  At  the  850-mb  level,  easter¬ 
lies  are  again  observed  from  about  66S  to  the  coast  of 
the  Antarctic. 

The  dashed  curve  from  Priestley  (1951)  is  the  aver¬ 
age  of  the  surface  stress  over  all  the  oceans  in  the 
Southern  Hemisphere  in  July.  Aside  from  the  uncer¬ 
tainties  in  the  drag  coefficients,  his  values  did  not  in¬ 
clude  the  stress  over  the  land  surfaces  and  the  torque 
due  to  pressure  differentials  over  the  mountains  of  the 
Southern  Hemisphere.  For  these  reasons  care  must  be 
exercised  in  the  comparison  of  his  curve  with  those 
obtained  from  momentum  convergence  studies.  Making 
allowance  for  these  effects,  his  mean  surface  stress 


appears  to  be  numerically  too  small  in  the  region  45S 
to  60S.  From  studies  conducted  by  Wilson  (1960),  using 
all  the  reported  vatues  of  the  drag  coefficient  from  47 
different  authorities,  it  is  found  that  the  value  of  this 
coefficient  for  light  winds  (less  than  20  mph)  is  1.49 
±0.83X10“*,  while  for  strong  winds  (greater  than  20 
mph)  the  value  is  2.37±0.56X10“*.  Priestley  employed 
the  value  1.30X10“*  for  his  computations  throughout 
the  hemisphere.  The  present  data  show  that  at  the 
850-mb  level  the  maximum  westerlies  (24  mph)  can  be 
grouped  into  the  category  of  strong  winds.  It  is  probable 
that  Priestley  has  used  a  too  small  value  of  the  drag 
coefficient  in  the  region  between  45S  and  60S  where 
there  is  most  disagreement.  His  curve  agrees  quite  well 
in  the  latitude  belts  north  of  45S  except  between  10S 
and  15S. 

Fig.  12  shows  the  frictional  stress  as  a  function  of 
latitude  in  the  summer.  The  solid  curve  is  for  all  eddies, 
the  dashed-dot  curve  is  for  transient  eddies.  The  dashed 
curve  is  the  value  obtained  by  Priestley  for  all  Southern 
Oceans  in  January  using  surface  climatological  data. 

The  solid  curve  shows  that  between  32S  and  69S 
[f,]  is  negative.  A  numerical  maximum  of  1.5  dynes 
cm~*  is  found  at  about  54S.  Obasi  (1963)  has  shown  that 
at  850-mb  level,  westerlies  are  observed  between  26S  and 
64S.  The  maximum  westerlies  are  found  at  about  47S. 
These  distributions  are  in  good  agreement  with  the 
computed  stress.  Between  the  equator  and  32S  and 
poleward  of  69S  the  values  of  00  are  positive.  A 
maximum  of  0.48  dyne  cm-*  is  observed  at  16S.  The 
859-mb  level  winds  indicate  that  easterlies  exist  in  these 
regions  and  that  the  maximum  is  at  15S.  In  the  polar 
regions  surface  easterlies  are  observed  poleward  of  64S. 
Priestley’s  curve  is  in  good  agreement  with  the  solid 
and  dashed-dot  curves  equatorward  of  50S.  Poleward 
of  this  latitude  his  values  appear  to  be  too  small. 


Fig.  II.  The  mean  zonal  stress  of  the  atmosphere  on  the  earth. 
The  solid  and  dashed-dotted  curves  are  computed  from  the  con¬ 
vergence  of  the  total  eddy  and  transient  eddy  flux  of  relative 
angular  momentum,  respectively,  for  the  winter  1958.  The  dashed 
curve  is  the  mean  stress  estimated  directly  from  the  surface  winds 
over  all  southern  oceans  in  July  by  Priestley.  Units  are  in  10*' 
dyne  cm“*. 


Fic.  12.  The  mean  zonal  stress  of  the  atmosphere  on  the  earth. 
The  solid  and  dashed-dotted  curves  are  computed  from  the 
convergence  of  the  total  eddy  and  transient  eddy  flux  of  relative 
angular  momentum,  respectively,  for  the  summer  1958.  The 
dashed  curve  is  the  mean  stress  estimated  directly  from  the  surface 
winds  over  all  southern  oceans  in  January  by  Priestley.  Units  are 
in  10"'  dyne  cm“*. 
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3.  Summary 

The  studies  reported  in  this  paper  have  demonstrated 
the  overwhelming  importance  of  the  transport  of  relative 
angular  momentum  by  the  transient  eddies  in  both 
seasons  of  the  Southern  Hemisphere.  The  results  show 
that  they  transport  enough  relative  angular  momentum 
from  the  belt  of  surface  easterlies  to  the  belt  of  surface 
westerlies  to  balance  the  drain  of  atmospheric  angular 
momentum  in  the  latter  belt.  In  the  winter  the  maxi¬ 
mum  transient-eddy  poleward  transport  of  relative 
angular  momentum  is  observed  at  32S,  while  the  maxi¬ 
mum  equatorward  transport  is  observed  at  64S.  In  the 
summer  these  maxima  are  observed,  respectively,  at  35S 
and  68S.  In  both  seasons  the  maximum  poleward  trans¬ 
port  is  observed  to  be  less  than  30X 10**  gm  cm !  sec~s. 

The  fluxes  of  relative  angular  momentum  due  to  the 
mean  meridional  motions  are  observed  to  be  opposite  to 
those  of  the  transient  eddies  in  the  belt  of  maximum 
poleward  flux  (30S--35S).  The  maximum  flux  due  to  the 
mean  meridional  motions  in  both  seasons  is  less  than 
6X1026  gm  cm’  sec"  b 

The  standing  eddy  transport  of  relative  angular 
momentum  is  insignificant  in  winter  in  all  latitude  belts, 
but  it  may  be  important  in  the  momentum  balance  of 
the  stratosphere. 

tn  the  summer  the  standing  eddies  play  the  important 
role  in  the  interhemispheric  exchanges  of  relative  angu¬ 
lar  momentum.  However  their  transports  are  opposite 
to  those  of  the  transient  eddies  poleward  of  30S.  The 
maximum  flux  of  relative  angular  momentum  by  the 
standing  eddies  is  observed  in  the  summer  at  the  equator 
and  is  of  magnitude  4X 10“  gm  cm2  sec*2. 

There  are  insignificant  seasonal  variations  of  the 
integrated  relative  angular  momentum  flux  equator- 
ward  of  SOS.  However,  there  is  evidence  for  a  marked 
vertical  displacement  of  the  zones  of  maximum  trans¬ 
ports  from  300  mb  in  winter  to  200  mb  in  summer.  The 
Northern  Hemisphere  study  of  Starr  and  White  (1952) 
shows  a  marked  seasonal  variation  in  the  momentum 
flux  across  31N  but  there  is,  on  the  other  hand,  less 
vertical  fluctuation  of  the  maximum  from  season  to 
season. 

The  vertically  integrated  summer  and  winter  means 
show  a  maximum  of  transient  eddy  flux  of  relative 
angular  momentum  of  28.S  X 10“  gm  cm*  sec-2  at  32S. 
Buch's  data  for  the  Northern  Hemisphere  show  a  maxi¬ 
mum  of  25X10“  gm  cm2  sec*1  at  24N  during  1950. 

During  the  winter  there  is  a  flux  of  relative  angular 
momentum  into  the  Northern  Hemisphere.  In  the 
summer  larger  fluxes  into  the  Southern  Hemisphere 
were  observed.  This  summer  result  is  in  agreement  with 
a  speculation  of  Widger  (1949). 

The  wind  stresses  derived  from  the  angular  mo¬ 
mentum  convergence  are  in  agreement  with  those  of 
Priestley  (1951)  except  in  the  belt  of  strong  surface 
westerlies. 


North  of  70S,  the  zrmally  averaged  mean  frictional 
stress  is  everywhere  less  than  2  dynes  cm*2.  This  result 
has  an  important  application  to  the  dynamics  of  the 
Antarctic  Circumpolar  Current.  In  their  model  of  this 
current,  Munk  and  Paimen  (1951)  used  a  mean  zonal ly 
averaged  frictional  stress  of  2  dynes  cm-1  between 
latitudes  55S  and  6SS  (Drake  Passage).  The  presait 
study  indicate  that  a  mean  of  1  dyne  cm*2  is  more 
appropriate.  It  is  probable  that  this  low'cr  value  of 
frictional  stress  will  affect  their  conclusions  with  respect 
to  the  insufficiency  of  the  lateral  frictional  stress  in 
the  balancing  of  the  wind  stress. 

Tlte  zonaliy  averaged  mean  stress  distribution  is 
expected  to  be  of  value  in  studying  the  mean  baric 
slopes  and  other  oceanographic  parameters  for  all  the 
southern  oceans.  Since  this  hemisphere  is  mainly 
oceanic,  it  is  of  interest  to  examine  more  closely  the 
mechanisms  for  the  upward  transport  of  momentum 
from  the  tropical  oceans  to  the  atmosphere  and  the 
corresponding  downward  transport  in  the  midlatitude 
oceans  through  which  the  atmospheric  momentum  may 
be,  at  least  in  part,  passed  to  the  solid  earth. 

To  appreciate  more  fully  the  importance  of  the  tran¬ 
sient  eddies  in  the  maintenance  of  the  normally  observed 
circulation  of  the  Southern  Hemisphere,  the  following 
additional  computations  were  made.  The  integrated 
summer  and  winter  mean  relative  angular  momentum 
of  the  atmosphere  over  the  jrolar  cap  of  the  Southern 
Hemisphere  south  of  latitude  35S  is  6.36  X 1022  gm  cm2 
sec-*.  The  flux  of  relative  angular  momentum  through 
the  latitudinal  wall  of  35S  is  about  2.9X10“  gm  cm2 
sec-2.  It  follows  that  if  no  relative  angular  momentum 
were  transported  across  this  wall  by  the  transient  eddies, 
and  if  the  values  of  the  frictional  and  mountain  torques 
were  to  remain  constant  in  spite  of  decreasing  zonal 
momentum,  then  the  atmosphere  over  the  polar  cap 
south  of  latitude  35S  will  lose  all  its  relative  angular 
momentum  in  about  25  days. 
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On  the  Vertical  Transport  of  Angular 
Momentum  in  the  Atmosphere 

By  Peter  A.  Gilman1) 


■Swmmary  -  The  possible  modes  of  vertical  transport  of  angular  momentum  in  the  atmo¬ 
sphere  are  considered.  Momentum  balance  calculations  for  both  hemispheres  show  the  possi¬ 
bility  of  countergradient  transport  by  vertical  eddies  in  the  region  of  the  mid-latitude  jet.  As 
a  consequence,  it  is  pointed  out  that  the  transport  of  momentum  downward  from  the  region 
of  maximum  westerlies  would  have  to  be  accomplished  by  the  mean  meridional  motions,  through 
the  action  of  'Coriolis  torques'.  The  same  mechanism  may  account  for  a  large  part  of  the  up¬ 
ward  tratispor,  in  the  tropics.  The  very  approximate  nature  of  the  calculations  must,  however, 
be  borne  cleariy  in  mind. 


1.  Introduction 

It  is  a  generally  accepted  fact  that  the  momentum  of  the  westerlies  is 
maintained  against  ground  friction  by  the  large  scale  horizontal  eddy  transports 
from  the  latitudes  of  surface  easterlies  (cf.  Starr  [4]1}).  However,  how  this  momen¬ 
tum  is  transported  vertically  from  the  surface  in  low  and  very  high  latitudes,  and 
from  the  level  of  maximum  westerlies  to  the  ground  in  middle  latitudes  is  not  quan¬ 
titatively  understood.  There  can  be  but  two  agents:  one.  the  mean  meridional 
circulations;  the  other,  the  vertical  eddies.  Molecular  friction,  above  the  earth-air 
interface,  is  of  negligible  importance. 

The  vertical  eddies  include  motions  of  widely  varying  time  and  space  scales, 
from  a  few  seconds  to  several  days,  and  from  a  few  centimeters  to  a  few  thousand 
kilometers.  There  is  no  reason  to  assume  that  all  these  turbulent  motions  behave  in 
the  same  way  as  regards  momentum  transport.  Those  small  enough  and  of  short 
enough  duration  presumably  act  to  transport  momentum  down  the  momentum 
gradient  (the  inertial  sub  range).  The  large  scale  vertical  eddies,  that  is,  rising  and 
sinking  motions  associated  with  wave  cyclones  and  anticyclones,  and  even  larger 
scale  waves,  may  very  well  transport  momentum  up  the  gradient.  As  an  example, 
upward  motions  to  the  east  of  troughs  in  the  500  mb  map  are  located  on  the  aver¬ 
age  in  the  presence  of  stronger  westerlies  then  are  the  accompanying  sinking  motions 
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west  of  the  trough,  and  therefore  would  in  the  mean  transport  momentum  upward 
toward  the  level  of  maximum  westerlies.  It  is  not  clear,  then,  what  the  net  effect  of 
all  scales  of  vertical  eddies  would  be. 

The  mean  meridional  motion  can  transport  relative  momentum  vertically  in 
two  ways.  First,  through  direct  correlation  of  the  vertical  component  with  the  mean 
zonal  wind;  and  second,  through  the  action  of  Coriolis  forces  on  the  horizontal 
meridional  motion.  In  the  latter  case,  the  vertical  transport  is  obtained  by  the 
addition,  due  to  the  Coriolis  forces,  of  westerly  angular  momentum  at  one  level,  and 
easterly  angular  momentum  at  another,  as  continuity  requires  a  return  flow.  In 
non-rotating  coordinates,  the  mechanisms  above  represent  in  sum  the  vertical 
advection  of  absolute  angular  momentum. 

If  all  but  one  of  the  elements  in  the  momentum  balance  are  known,  the  remain¬ 
ing  one  may  be  inferred  for  balance  to  be  maintained.  In  practice,  only  the  horizontal 
eddy  transports  and  the  mean  zonal  wind  itself  can  be  measured  with  reasonable 
accuracy.  The  horizontal  meridional  motions  are  known  only  to  within  a  factor  of 
2  or  3  from  direct  measurements.  The  mean  vertical  motions  can  not,  of  course,  be 
measured  at  all  directly,  and  if  they  are  inferred  via  continuity  from  the  horizontal 
motions,  they  inherit  their  uncertainty.  Recently,  an  attempt  has  been  made  by 
Starr  and  Dickinson  [S]  to  evaluate  the  vertical  eddy  transport  for  two  periods 
of  one  month,  using  ‘adiabatic’  vertical  motions  (cf.  Jensen  [2]}.  The  results  were 
inconclusive,  however,  and  the  monthly  averages  were  probably  too  short  for 
significance. 

Despite  all  of  these  difficulties,  it  may  be  possible  to  get  some  indication  of  the 
direction  in  which  the  vertical  eddies  as  a  whole  are  transporting  momentum,  by 
using  the  best  obtainable  estimates  for  the  other  quantities.  In  this  regard,  calcu¬ 
lations  were  made  for  both  the  northern  and  southern  hemispheres,  using  data  of 
Buch  [1]  for  the  former,  and  recent  data  of  Obasi  [3]  for  the  latter.  Some  of 
Obasi’s  values  were  corrected  by  him  and  it  is  these  that  are  used  here.  It  seemed 
appropriate  to  calculate  the  vertical  transports  due  to  all  scales  of  eddies  in  terms 
of  an  empirical  eddy  viscosity.  Then  positive  values  of  the  viscosity  could  indicate 
a  transport  in  the  direction  of  the  gradient,  while  negative  values  would  indicate 
countergradient  transport. 


2.  Mathematical  formulation  and  results 

We  may  somewhat  crudely  represent  the  mean  wind  stress  on  a  horizontal  sur¬ 
face  in  the  zonal  direction  by  the  expression 

[?]  «  -  g  e*  r  .  (1) 

where  q  is  density,  g  gravity,  v  the  kinematic  eddy  viscosity,  u  the  zonal  wind, 
p  the  pressure  and  t  the  wind  stress.  The  bar.  (-),  indicates  a  time  average,  and  the 
brackets,  f{ )],  a  zonal  average.  Now  the  frictional  stress  in  the  pressure  coordinate 
system  is  related  to  the  friction  force  per  unit  mass,  [•£],  by  the  expression 


(2) 
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which,  using  (1),  becomes 


(x)  = 


2  Ac  d[«J\ 
£  dp  J 


Here  v  has  been  assumed  not  a  function  of  pressure.  Now 


(3) 


A?  «  JL  1 1  + 
dp  p  r  + 


/?  dr 

5  A  / 


where  if  is  the  gas  constant  for  air,  T  is  the  temperature,  and  h  is  the  vertical  space 
coordinate.  Letting 


b  —  i  +  - 

g  dh 


Ixl 


■s’e1  (- 


dp1 


+ 


r)- 


dp  } 


(4) 


If  we  take  bTjbh  =  —  6,5°  K  km-1  in  the  troposphere  (taken  here  to  be  below 
200  mb)  and  b'l'jbh  =  0  in  the  stratosphere,  B  then  has  the  values  0.83  and  1.0, 
respectively. 

Now  the  time  and  zonally  averaged  steady  state  zonal  equation  of  motion  may 
be  written  as 

2$)  -  M  -dgJ  -  Oh  +  0  =  0 ,  (5) 

where  Z  is  the  absolute  vorticity 

[z  s  f  —  (a  cos<f>)-1  P  !»]  cos<£j  , 


v  the  meridional  wind,  to  s=  dpjdt,  and  6'«  the  horizontal  eddy  convergence  of  mo¬ 
mentum.  That  is 

Gh  —  —  (a  cos2<£) £  ([«'  v'j  -j~  [«*  r*])cos2<£  , 

where  a  is  the  radius  of  the  earth.  <f>  the  latitude,  and  where  a  prime,  ('),  indicates 
a  deviation  from  a  time  average  and  a  star,  (*),  a  deviation  from  a  zonal  average. 
Then,  writing  (4)  as  [J]  —  —  v  R?  and  solving  (4)  for  v,  we  obtain,  finally. 


v 


[S>i 


bp 


HF 


(‘It 


(6) 


The  numerical  values  obtained  from  (6)  were  not  considered  to  be  significant  due 
to  the  errors  mentioned  earlier,  so  that  only  the  signs  are  presented  Figures  l  and  2. 
Figure  1  gives  results  for  the  southern  hemisphere,  using  data  of  Obasi  ;3j.  Figure  2 
is  for  the  northern  hemisphere,  using  data  of  Buch  IT],  In  both  cases.  (<»»]  was  found 
from  the  directly  measured  [i>]  via  continuity. 
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The  striking  feature  of  Figure  1  and  2  is  that  each  contains  large  areas  of  all 
negative  eddy  viscosity.  Furthermore,  the  mid-latitude  jet  stream  is  in  all  cases 
well  within  the  negative  regions,  indicating  that  near  the  jet  the  net  effect  of  verti¬ 
cal  eddies  of  all  scales  is  to  transport  momentum  into  the  jet.  The  signs  are  generally 
positive  at  lower  levels  (particularly  775  mb),  seen  most  clearly'  for  the  southern 
hemisphere  summer,  and  the  northern  hemisphere  year. 

Now  the  most  reliable  signs  obtained  from  {5}  come  when  both  numerator  and 
denominator  have  their  largest  values.  This  occurs  primarily  in  the  regions  of  the 
negative  values.  It  is  possible  that  with  tetter  data,  there  will  be  fewer  negative 
signs,  but  there  is  no  reason  to  expect  that  ail  the  signs  will  become  positive.  There¬ 
fore,  to  the  degree  that  these  crude  calculations  may  be  trusted,  the  usual  assump¬ 
tion  in  numerical  models  of  a  positive  eddy  viscosity,  if  it  is  used  to  represent 


Winter 


Degrees  S 
Summer 


Degrees  5 

Figure  1 

Signs  of  the  vertical  eddy  viscosity  for  the  southern  hemisphere,  winter  and  summer  seasons, 
obtained  from  data  of  Ouasi  [3j.  X  denotes  the  approximate  position  at  the  mid-latitude  jet 

stream 
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Figure  2 

Signs  of  the  vertical  eddy  viscosity  for  the  northern  hemisphere  year  1950,  from  data  of 
Bucii  [1 X  denotes  the  approximate  position  of  the  mid-latitude  jet  stream 


eddies  including  scales  large  enough  to  give  some  counter  gradient  transport 
contributions,  may  be  open  to  question. 

Finally,  since  the  net  effects  of  all  the  possible  mechanisms  for  vertical  transport 
of  momentum  must  be  to  carry  momentum  downward  from  the  level  of  maximum 
westerlies  to  the  ground,  this  transport  must  be  effected  in  the  regions  of  negative 
eddy  viscosity  in  some  manner  by  the  mean  meridional  circulation.  In  the  region 
between  the  equatorial  direct  cell  and  the  mid-latitude  indirect  cell,  the  vertical 
component  of  the  circulation,  [5],  through  the  term  fo>]  d[u]Jdp,  will  give  transport 
in  the  correct  sense  (see  e.g.  (5)).  This  term  is,  however,  generally  smaller  than  the 
term  Z fr],  which,  in  the  region  of  the  indirect  mid-latitude  cell,  represents  effec¬ 
tively  the  extraction  at  high  levels,  and  the  injection  at  low  levels,  of  easterly 
angular  momentum  due  to  the  ‘Coriolis  torques’.  Since  the  surface  stress  changes 
sign  in  the  vicinity  of  30°  N  or  S,  which  is  also  the  approximate  dividing  line  between 
the  equatorial  Hadley  cell  and  the  mid-latitude  Ferrel  cell,  this  Coriolis  torque 
mechanism  may  be  the  major  one  effecting  the  downward  transport.  Below  a  cer¬ 
tain  level,  the  vertical  eddies  would  also  work  in  the  same  direction,  and  probably 
would  predominate  in  the  surface  layer.  In  the  tropics,  this  same  Coriolis  torque 
mechanism  may  also  effect  a  large  part  of  the  upward  transport  of  angular  momen¬ 
tum,  though  its  role  is  less  clear  from  the  results  presented. 


3.  Concluding  Remarks 

It  should  be  stressed  again  that  the  above  calculations  are  to  be  considered  very 
approximate  in  nature.  What  are  needed  are  time  average  values  of  the  mean 
motion  and  the  eddies  for,  say,  5  years,  rather  than  one  year  or  season.  Such  an 
extensive  study  is  underway  at  M.l.T.  in  conjunction  with  the  Travelers  Research 
Center.  When  the  statistics  are  compiled,  the  relative  roles  in  the  vertical  transport 
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o £  momentum  of  the  mean  meridional  circulation  and  the  vertical  eddies  may  be¬ 
come  much  clearer. 
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ABSTRACT 

The  angular  momentum  equation  for  a  cyclonic  disturbance  is  examined.  It  is  found  that  the  increase 
of  this  momentum  in  a  given  region  during  the  onset  of  an  extratropicai  cyclone  is  due  mainly  to  a  flux  of 
such  momentum  into  the  region  from  the  environment.  A  synoptic  example  ia  included. 


*  Tbe  rcaearah  reported  ia  this  paper  was  apoaaored  by  the  Geophysics  Research  Directorate,  AF  Cambridge  Reeearch  Canter, 
aadar  Contract  No,  AF  19(l22)-l5. 


1.  INTRODUCTION 


One  of  the  moat  primitive  attributes  of  a  cyclonic  disturbance  in  the  atmosphere  is  the  fact  that  sir 
particles  involved  in  it  possess  angular  momentum  relative  to  the  earth  about  a  vertical  axis  located  in  the 
vicinity  of  (but  not  necessarily  exactly  at)  the  center.  At  a  given  instant,  one  may  consider  the  volume 
integral  of  this  angular  momentum  within  a  circular  cylinder  whose  axis  is  thus  specified,  extending  from  the 
earth’s  surface  to  some  appropriately  high  elevation  above  which  only  a  negligible  fraction  of  mass  is  present. 
Although  serious  questions  may  arise  in  the  case  of  shallow  and  weak  cyclones,  there  can  be  no  doubt  that 
stronger  systems  are  sufficiently  intense  to  impart  a  m*an  rotation  to  the  entire  atmosphere,  and  hence 
this  integral  would,  in  a  sense,  constitute  a  measure  of  the  disturbance,  if  the  radius  of  the  cylinder  is  chosen 
properly.  Having  selected  the  region,  we  may  consider  its  wails  to  be  fixed  in  space  relative  to  the  earth 
during  the  prior  onset  and  subsequent  disappearance  of  the  cyclone,  assuming  that  the  latter  is  a  transient 
phenomenon.  A  fundamental  problem  of  meteorology  may  be  formulated  by  asking  how  the  rise  and  fall 
in  the  total  relative  angular  momentum  within  this  region  of  space  is  to  be  accounted  for. 

Although  a  truly  complete  solution  is  far  beyond  our  present  state  of  knowledge,  there  are  several 
specific  questions  of  a  less  comprehensive  nature  to  which  theory  and  modern  observational  material  might 
yield  some  answers: 

(a)  Is  the  relative  angular  momentum  which  appears  during  the  onset  generated  within  the  region  or 
is  it  communicated  to  the  region  by  a  flux  across  the  boundary  from  the  environment? 

(b)  Is  the  later  disappearance  likewise  due  to  a  net  destruction  within  the  region  or  is  it  due  to  a  net 
outward  flux  across  the  boundary? 

(c)  Is  it  feasible  to  measure  the  flux  across  the  boundary  or  the  generation,  whatever  the  algebraic 
signs  of  these  effects  may  be? 

In  short,  the  questions  posed  above  are  whether  the  relative  angular  momentum,  as  it  has  been  defined, 
obeys  a  source-free  equation  of  continuity,  and  whether  it  is  possible  to  demonstrate  the  fulfillment  of  this 
equation  in  the  atmosphere  by  actual  measurement.  Notwithstanding  the  fact  that  these  considerations 
alone  are  not  sufficient  for  a  complete  solution,  it  is  difficult  for  the  present  writer  to  see  bow  basic  under¬ 
standing  may  be  achieved  and  recognised  as  such  unless  this  subject  receives  close  scrutiny. 


2.  THEORETICAL  CONSIDERATIONS 

In  order  to  arrive  as  simply  as  possible  at  the  crux  of  the  mstter  it  suffices  to  consider  the  surface  of 
the  earth  to  be  a  plane  and  to  use  a  cylindrical  polar  coordinate  system  (r,  9,  z)  in  which  r  is  outward  radial 
distance,  9  is  azimuth  counted  positive  counterclockwise  from  East  and  *  is  elevation.  With  sufficient 
accuracy  the  equation  of  motion  for  the  tangential  direction  may  be  written  in  the  form, 

P  £  (rcr)  -  pXrc,  «  -  ^ »  (1) 

where  Cr  and  C,  are  the  tangential  and  radial  (inward)  components  of  wind  velocity,  p  is  density,  p  pressure, 
X  the  Coriolis  parameter  and  t  time.  The  continuity  equation  for  mass. 
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4~  V  -  pc  *  0, 


(2) 


where  c  is  the  (three-dimensional)  vector  wind,  mat  be  used  to  rewrite  Eq.  (1)  in  the  form 

a 


at 


(prcr) 


r  prcrc  4'  pXre, 


dp 

W* 


A  volume  integral  may  now  be  taken  over  the  cylindrical  region  assumed,  and  written 


d 

dt 


f  prcr  dv  f  prcr  wdsQ  +  R  j  pcrtr  ds  4-  /  pXre,  dr. 

•/  It  »<e  lt  i  V  * 


(3) 


(4) 


Here  v  is  the  volume  of  the  cylinder  whose  radius  is  R,  se  is  the  area  of  the  (plane)  bottom,  w  is  the  vertical 
upward  component  of  velocity  and  s  is  the  area  of  the  lateral  wall. 

By  definition,  the  left-hand  member  of  Eq.  (4)  is_th«  time  rate  of  change  of  the  total  relative  angular 
momentum  within  the  cylinder.  The  first  two  integrals  on  the  right  measure  the  flux  of  such  momentum 
across  the  horizontal  bottom  and  the  vertical  wail,  respectively.  The  last  integral  may  be  looked  upon  as 
a  source  term,  since  it  cannot  be  reduced  to  a  transport  across  the  wails.  In  a  sense  Eq.  (4)  is  an  equation 
of  continuity  for  the  type  of  angular  momentum  here  considered,  lt  is  apparent  that  it  is  not  source  free, 
since  a  contribution  may  be  obtained  from  the  last  term  in  addition  to  that  from  the  transfer  terms. 

If  it  is  supposed  that  the  plane  bottom  s«  is  located  a  few  feet  from  the  earth's  surface,  the  flux  across 
it  mav  be  identified  with  the  effect  of  the  surface  wind  stress.  During  the  onset  of  cyclonic  conditions  it 
would  not,  of  course,  lie  possible  to  ascribe  the  increase  in  angular  momentum  within  the  cylinder  to  this 
effect,  since  it  represents  a  drain. 

On  the  assumption  that  the  Coriolis  parameter  X  is  uniform  in  space,  the  last  term  may  be  rewritten 
as  follows: 


/*  ei  /•*»  /** 

/  pXrCr  dr  »  X  /  r*  /  /  pc,  dz  d8  dr. 

J »  do  do  VO 

Since  gp  ~  —  dp/dz  on  hydrostatic  principles,  it  follows  from  Eq.  (2)  that,  for  all  values  of  r, 

rr^jfr^«. 

J o  J o  Ido  dt 


(5) 


(6) 


where  g  is  the  (spatially  uniform)  acceleration  of  gravity  and  po  is  surface  pressure.  Upon  substitution, 
Eq.  (5)  now  gives  a  multiple  integral  of  the  form 


x  f’r,  r  r 

gj  o  Jo  Jo 


dp  a 

dt 


1  dr  drh 


(7) 


r i  being  a  running  variable.  In  view  of  the  fact  that  during  the  onset  of  a  cyclone  the  surface  pressure 
normally  decreases,  an  expression  of  the  form  of  Eq.  (7)  would  be  negative.  Therefore,  the  effect  repre¬ 
sented  by  it  cannot  be  used  for  explaining  an  increase  of  total  angular  momentum  within  the  cylinder. 

On  the  other  hand,  one  may  suppose  that  the  Coriolis  parameter  is  not  spatially  uniform,  but  instead 
increases  linearly  with  latitude  so  that  X  =  X0  4-  dy,  X0  being  the  value  at  the  center  and  y  being  northward 
distance,  i.e.,  r  sin  6.  The  effect  of  the  variable  part  of  X,  namely,  dy»  may  be  examined  as  follows.  Again 
from  the  last  term  of  Eq.  (4), 
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Fig.  1.  I  sober  ic  contour  nap  for  500  mb  for  IS  January  1949  at  1600  GMT  showing  the  cylinder  need.  The  cootour  intorral 
ia  200  ft.  The  map  projection  ia  Lambert  conformal  conic  with  standard  parallels  at  30°  and  60°  N. 


0  f  pyre,  dt>  =  0  f  r3  /"sin  $  j"  f  pcs  dsdB  dr. 

•*9  •/  ft  J  0  Ln'  0  - 


(8) 


The  quantity  set  off  by  brackets  in  Eq.  (8)  is  the  radial  mass  inflow  across  an  elementary  sector  at  a  given 
radius,  in  order  to  achieve  a  finite  positive  value  for  the  entire  integral,  this  inflow  should  be  positively 
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correlated  with  sin  9.  Normally,  however,  during  the  onset  of  cy Ionic  conditions  (in  the  northern  hemi¬ 
sphere)  eoatherly  winds  prevail  is  the  cylinder,  implying  as  inflow  from  the  south  over  the  locations  where 
sin  0  <  0  and  an  outflow  where  sin  9  >  0.  It  is  thus  suggested  that,  even  though  the  Coriolis  parameter 
is  taken  as  variable,  the  source  term  of  Eq.  (4)  is  not  suitable  in  order  to  account  for  an  increase  in  the  total 
relative  angular  momentum  under  the  assumed  circumstances.  Tide  leave*  the  second  term  on  the  right 
of  Eq,  (4)  as  the  only  remaining  poeaihility. 

The  second  term  on  the  right  of  Eq.  (4)  has  the  nature  of  a  Beynolde  stress  effect,  since  the  net  Sow 
of  mass  across  the  lateral  wail  is  not  Large.  It  i*  similar  to  the  eddy  stress  term  which  appears  in  the  equa¬ 
tion  for  the  hemispheric  balance  of  angular  momentum  discussed  by  various  authors.  (See  Starr  and  White 
(1951)  and  the  references  given  there.)  It  may  he  resolved  into  several  physically  distinct  components  as 
in  the  case  of  the  general  circulation  problem  just  cited,  although  some  simplification  of  the  scheme  seems 
to  be  desirable.  Thus,  an  averaging  process  with  respect  to  the  circumference  of  the  cylinder  may  be  intro, 
duced  and  denoted  by  square  brackets  so  that 

PCr  •  IfiCr]  +  ifiCrY,  (9) 


where  the  prime  denotes  a  departure  from  the  corresponding  average.  An  equation  similar  to  Eq.  (9)  may 
be  written  for  cr.  The  lateral  stress  term  may  then  be  subdivided  into  two  parts,  namely, 

ter)  tpCrjdx  -f 


c'rific,)'  d6  dx. 


(10) 


In  view  of  the  fact  that  [pc,]  measures  the  mass  convergence,  the  first  part  measures  the  effect  of  this 
factor.  The  second  part  is  dependent  upon  the  correlation  between  cT  and  pcr  along  the  circumference  of 
the  cylinder  at  individual  levels  in  the  atmosphere.  Positive  values  of  this  quantity  are  therefore  associated 
with  certain  characteristic  horuontal  streamline  patterns  which  lead  to  the  necessary  correlation.  One 
such  pattern  of  flow  is  illustrated  in  Fig.  I. 


3.  OBSERVATIONAL  EXAMPLE 


Any  adequate  teat  of  Eq.  (4)  involving  the  use  of  meteorological  data  is  a  rather  formidable  under¬ 
taking,  and  in  certain  respects  a  serious  question  exists  as  to  whether  sufficiently  extensive  and  accurate 
direct  wind  measurements  arc  available  for  this  purpose.  One  may  nevertheless  expect  that  some  very 
general  evidence  of  the  validity  of  the  conclusions  drawn  from  the  equation  should  not  be  completely  absent. 
Accordingly,  an  example  has  been  calculated,  although  ita  shortcomings  are  all  too  evident. 

The  issue  involves  to  s  large  extent  a  means  of  measuring  the  second  term  on  the  right  of  Eq.  (4),  as 
already  stated.  Similar  tasks  in  the  case  of  the  angular  momentum  balance  of  the  general  circulation  have 
been  treated,  not  without  success,  through  the  use  of  geos  trophic  winds  notably  by  Widger  (1949)  and  by 
Mints  (1951).  Encouraged  by  these  efforts,  as  an  experiment  the  writer  has  used  similar  methods  for  the 
purpose  at  hand,  mindful,  however,  that  appreciable  differences  may  exist  between  the  two  cases. 

In  the  first  place,  it  is  to  be  noted  that  the  use  of  geos  trophic  winds  reduces  the  last  term  in  Eq.  (4) 
to  sero,  directly  as  it  stands.  Apparently  there  is  then  no  simple  way  to  measure  its  effect  from  such  winds. 


-159- 


Aa  far  as  the  second  term  on  the  right  is  concerned,  it  may  be  seen  from  Eq.  (8)  that  only  its  second  part 
can  probabiy  he  determined,  since  the  first  part  involves  {pcrJ  which  measures  convergence  —  a  quantity 
not  suited  for  evaluation  geostrophicaliy. 

A  synoptic  situation  was  selected  which  was  characterized  by  the  subsequent  formation  of  an  extremely 
intense  cyclone,  namely,  that  of  18  January  1949  over  the  central  United  States.  A  cylinder  6.5°  latitude 
in  radius  centered  at  37.5°  N,  95°  W  was  used.  The  wind  components  Cr  and  Cf  were  determined  at  16 
points  along  the  circumference,  tailing  the  latitude  variations  into  account  in  the  geostrophic  formula. 
This  was  done  at  the  850-mb,  700-nab,  500-mh,  300-mb,  and  100-mb  levels  for  which  analyzed  synoptic 
charts  drawn  previously  for  other  purposes  by  my  colleague  R.  Reed  were  available.  From  these  compo¬ 
nents.  the  second  term  in  Eq.  (4)  was  computed  for  the  range  from  850  to  100  mb.  The  value  obtained 
waa  about  6  X  10**  gra  cm*  sec-5  in  the  cyclonic  sense.  The  maximum  effect  per  unit  isobaric  layer  was 
obtained  from  the  300>mb  level,  with  much  smaller  contributions  from  the  levels  above  and  below.  The 
value  of  [crcr]  at  500-rnb  approximated  the  vertical  average  with  respect  to  pressure  quite  well.  A  portion 
of  the  synoptic  chart  for  500  mb  is  shown  is  Fig.  1.  At  the  time  there  was  a  somewhat  weak  but  rapidly 
developing  dosed  circulation  at  the  ground,  centered  more  or  less  below  the  cylinder. 

In  order  to  secure  an  easily  grasped  appraisal  of  the  efficacy  of  the  torque  measured,  one  might  ask 
how  intense  a  solid  rotation  could  it  produce  in  one  hour  if  acting  alone  on  the  cylinder  considered.  The 
answer  may  be  stated  in  terms  of  the  change  in  linear  peripheral  velocity  of  the  solid  rotation,  namely, 
about  5  m  sec-1. 


4.  DISCUSSION 

A  number  of  pointB  concerning  the  material  presented  are  worthy  of  note.  Among  these  are  the 
following: 

(a)  The  basic  physical  principle  involved  in  Eq.  (4)  is  a  mechanical  one  depending  upon  the  inertial 
properties  of  matter  and  the  conservation  of  mass.  Aa  such,  the  integral  requirement  stated  by  it  should 
be  fulfilled,  regardless  of  such  factors  as  the  presence  or  absence  of  nonadiabatic  processes  or  of  internal 
vertical  motions,  etc.  This  does  not  mean  that  factors  such  as  these  do  not  influence  air  motions.  Rather, 
we  have  deliberately  selected  an  equation  in  which  they  do  not  appear  explicitly,  and  in  doing  so  w*  have 
gained  certain  obvious  advantages  and  lost  others. 

(b)  In  order  to  gai-  an  appreciation  of  magnitudes  in  actual  cases,  it  is  necessary  to  secure  relative 
orders  of  magnitude  of  the  terms  of  Eqs.  (7)  and  (8)  as  compared  with  the  second  term  on  the  right  of 
Eq.  (4).  Plausible  estimates  of  them  for  the  case  studied  suggest  that  they  are  at  least  one  order  of 
magnitude  smaller. 

(c)  Likewise  plausible  estimates  suggest  that,  for  the  situation  studied,  the  surface  frictional  torque 
on  the  cylinder  was  probably  between  one  and  two  orders  of  magnitude  smaller  than  the  eddy  torque  obtained. 

(d)  On  the  supposition  that  the  estimates  made  are  roughly  correct,  it  is  to  be  inferred  that  at  the  time 
the  observations  were  made  the  eddy  torque  was  acting  virtually  unopposed.  It  is  difficult  to  imagine 


- 1  GO  - 


that  this  situation  could  endure  for  any  appreciable  length  of  time,  because  the  resulting  circulations  would 
soon  become  too  intense  to  be  reasonable.  A  check  at  SCO  mb  12  hours  later  showed  that  the  eddy  torque 
for  the  same  cylinder  had  decreased  to  a  negligible  value.  Meanwhile,  the  cyclone  at  the  ground  underwent 
a  development  of  almost  explosive  violence,  and  its  center  moved  rapidly  northward  to  a  position  a  little 
beyond  the  circumference  of  the  cylinder.  The  extremely  rapid  changes  in  the  Sow  pattern  aloft  as  well  as 
the  surface,  although  interesting  in  themselves,  detract  somewhat  from  the  utility  of  the  situation  as  a  model 
case,  since  the  tendency  of  the  angular  momentum  cannot  be  extrapolated  for  a  12- hour  period.  Apparently 
there  was  a  positive  change  in  this  quantity  for  the  fixed  cylinder,  but  only  a  relatively  moderate  one. 

(e)  Equation  (4)  does  not  in  itself  distinguish  between  the  effect  of  mere  translation  of  existing  systems 
and  the  effect  of  true  development.  Also,  it  should,  with  proper  interpretations,  be  equally  applicable  to 
anticyclonic  systems  as  well  as  to  tropical  cyclones,  but  these  uses  may  involve  additional  difficulties  for 
various  reasons. 

(f)  Going  beyond  the  specific  information  contained  in  Eq.  (4),  it  is  natural  to  speculate  further  con* 
cerning  the  physical  processes  that  transpire  during  the  actual  development  of  an  extratropical  cyclone. 
Such  speculation  must  perforce  be  rather  vague  and  general,  but  by  such  means  some  grains  of  truth  may 
be  captured  which  through  further  insight  can  later  be  rendered  more  precise  and  specific.  It  may  be  ob¬ 
served  that  the  particular  equation  dealt  with  for  the  cylinder  does  not  stipulate  anything  concerning  the 
vertical  redistribution  of  angular  momentum,  once  it  has  appeared  in  this  space.  If  it  is  assumed  that  the 
increase  is  indeed  mainly  due  to  the  horizontal  eddy  processes  which  are  most  intense  at  upper  levels  and 
quite  negligible  near  the  surface  (as  was  the  case  in  the  example),  then  a  question  arises  as  to  the  manner 
in  which  a  strong  closed  circulation  develops  near  the  surface. 

On  synoptic  grounds,  it  would  be  difficult  to  escape  from  the  concept  that  intense  cyclonic  circulations 
at  low  levels  are  associated  with  low-level  convergence  which  implies  upper -level  divergence.  This  is  essen¬ 
tially  a  classical  view.  On  the  basis  of  the  present  arguments,  however,  the  primary  action  is  the  tendency 
of  the  eddy  torques  to  establish  cyclonic  circulations  aloft.  Such  a  tendency  cannot  be  immediately  success¬ 
ful  because,  to  put  the  matter  crudely,  the  new  mid-air  cyclone  would  tend  to  fill  up  from  below  (and  perhaps 
from  above  also).  In  other  words,  the  palpable  result  of  the  tendency  of  the  eddy  torques  to  establish  an 
upper  circulation  would  be  upward  vertical  motion  from  below.  Since  the  latter  must  be  arrested  at  the 
surface,  the  vertical  stretching  involved  would  then  lead  to  low-level  convergence  and  development  of  a 
surface  cyclone.  Hydrodynamic  models  could  perhaps  be  calculated  to  illustrate  a  portion  of  this  chain 
of  events. 

Two  points  concerning  the  picture  envisaged  above  remain  to  be  considered.  First,  the  requisite 
convergence  of  angular  momentum  aloft  due  to  eddy  processes  implies  a  positive  correlation  between  cr 
and  pc„  i.e.,  certain  favorable  kinematic  properties  of  the  flow  pattern  aloft  are  required.  It  is  probable 
that  this  initial  condition  necessitates  the  existence  of  suitable  kinds  of  trough  and  ridge  formations  aloft 
at  the  very  outset.  Second,  these  favorable  formations  are  perhaps  the  consequence  of  the  solenoidal 
modifications  of  the  upper  flow  throughout  a  large  portion  of  the  troposphere. 

(g)  No  prognostic  uses  of  the  material  discussed  are  contemplated  here.  It  is  felt  that  the  mere  explo¬ 
ration  of  what  does  happen  in  cyclonic  areas  from  the  present  viewpoint  is  a  sufficiently  difficult  task  for 
the  immediate  future. 
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5.  CRITICAL  REMARKS 


A  aumht.’  of  shortcomings  and  appro  rima.  im  exist  in  the  material  as  outlined,  which,  although  not 
crucial,  deserve  specific  mention.  The  more  important  of  these  are  the  following. 

(a)  Strictly  speaking,  the  earth’s  surface  should  not  be  approximated  by  a  plane.  A  better  approxima¬ 
tion  is,  of  course,  a  spherical  surface,  in  which  case  it  is  more  appropriate  to  deal  with  a  conical  region  in  the 
place  of  tbe  cylinder. 

(b)  The  equation  of  motion  could  be  written  more  exactly,  especially  so  as  to  include  molecular  viscosity, 
or  a  separation  of  the  scaics  ol  eddies  could  be  introduced  so  as  to  provide  a  small-scale  eddy -viscosity  effect. 

(c)  It  has  been  tacitly  assumed  that  the  ground  surface  is  free  of  orographic  irregularities.  Actually  if 
a  mountainous  terrain  is  present  the  bottom  of  the  cylinder  need  not  be  level,  so  that  the  pressure  term  in 
Eq.  (3)  does  not  drop  out  upon  taking  the  volume  integral.  In  that  case  a  mountain-pressure  torque  term 
appears  in  Eq.  (4).  Such  a  mountain  torque  term  is  probably  of  much  significance  in  the  study  of  lee  pres¬ 
sure  troughs  and  tbe  like,  as  was  suggested  by  the  writer  a  colleague,  E.  N.  Lorenz. 

(d)  Some  readers  may  regard  the  consideration  of  angular  momentum  about  a  fixed  vertical  as  being 
somewhat  awkward  for  analytical  purposes,  and  would  prefer  vorticity  concepts.  Such  an  alternative 
approach  is  indeed  possible,  although  certain  interpretations  involved  arc  then  altered.  In  terms  of  Carte¬ 
sian  coordinates  x,y  and  z,  in  which  the  corresponding  eastward,  northward  and  upward  velocity  components 
are  u,  v  and  u\  respectively,  one  would  then  deal  with  the  vorticity  about  the  vertical  of  the  momentum , 
as  has  been  used  by  Lorenz  (1950)  and  by  Kuo  (1951).  rrom  the  two  equations  of  motion  for  the  horizontal 
under  the  same  assumptions  as  before,  with  the  aid  of  the  (general)  mass  continuity  equation,  it  is  simple 
to  derive  the  following  equation  in  which  the  pressure  is  again  eliminated 

{(pv)t  —  (pu)v)«  =  (puu  —  pvv),v  -  (puv)It  -f  (put!),,  -  (Apt!  +  PoCoU’o),  —  (\pV  -  PoUoWo),.  (11) 

Here  the  subscripts  *,  y  and  t  denote  partial  differentiation  and  the  bars  indicate  vertical  integrals  with 
respect  to  z  throughout  the  atmosphere.  Subscript  zeros  signify  surface  values.  The  equation  gives  the 
rate  of  change  of  the  vertically  integrated  momentum  vorticity  for  a  column  in  terms  of  the  several  terms 
on  the  right-hand  side.  Like  Eq.  (4  )  it  expresses  a  purely  mechanical  principle  and  is  independent  of  various 
thermodynamic  and  other  factors. 

The  reader  will  no  doubt  observe  that,  if  a  closed  system  of  equations  capable  of  solution  in  the  mathe¬ 
matical  sense  is  desired,  additional  equations  must  be  used  with  Eq.  (11).  Thus,  although  by  use  of  this 
single  equation  it  is  theoretically  possible  to  obtain  an  instantaneous  tendency  of  the  integrated  vorticity 
by  evaluating  the  right-hand  side  from  observations,  additional  information  would  be  needed  in  order  to 
iterate  the  process  for  successive  time  steps.  In  substance  at  least,  such  an  iterative  procedure  has  been 
devised  by  the  writer’s  colleague,  P.  D.  Thompson  (1952).  The  advantage  of  his  treatment  is  that  the 
problem  is  reduced  to  a  two-dimensional  one  in  space,  without  sacrifice  of  eolenoidai  effects  or  of  the  effects 
of  vertical  motion. 

(e)  Not  much  has  been  said  relative  to  the  disappearance  of  cyclonic  angular  momentum  from  a  given 
region  after  the  passage  of  a  disturbance.  Qualitatively,  tbe  eddy  effect  seems  then  to  operate  in  the 
reverse  sense.  Due  to  the  fact  that  at  this  stage  surface  friction  may  be  substantial,  the  decay  need  not  be 
brought  about  entirely  by  the  other  terms. 
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(f)  A  little  more  should  be  said  concerning  the  first  term  in  Eq.  (10)  which  is  not  green  by  geos  trophic 
winds.  Actually  a  positive  contribution  of  a  given  level  to  this  integral  consists  of  a  transfer  of  mass  already 
possessing  a  mean  relative  circulation  into  the  cylinder  by  convergence.  Moreover,  since  there  exists  a 
mall  net  mass  outflow  rather  than  inflow,  different  levels  tend  to  produce  opposing  effects.  On  the  whole, 
it  is  not  likely  that  the  net  contribution  is  of  much  importance. 
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DISPLACEMENT  AND  INTENSIFICATION  ASSOCIATED  WITH 
VARIATIONS  OF  LOCAL  ANGULAR  MOMENTUM 

EDWARD  N.  LORENZ* 

Massachusetts  Institute  of  Technology 
Cambridge. ,  Mass. 


ABSTRACT 

The  rate  of  change  of  the  total  angular  momentum  within  a  cylinder  about  an  arbitrary  vertical  axis 
results  largely  from  the  horizontal  transport  of  angular  momentum  across  the  vertical  boundary  of  the 
cylinder.  This  transput  may  be  resolved  into  the  transput  due  to  the  mean  wind,  i.e.,  the  wind  averaged 
vertically  with  respect  to  pressure,  and  the  departure  of  the  total  transport  from  the  transport  due  to  the 
mean  wind.  The  case  is  presented  for  regarding  such  a  resolution  as  a  resolution  into  displacement 
■nJ  intensification. 


*  Tbe  research  reported  is  this  paper  wu  sponsored  by  the  Geophysics  Research  Directorate,  AF  Cambridge  Research  Center, 
gorier  Contract  No.  AT  19(122). 15S. 
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Even  a  casual  inspection  of  a  typical  sequence  of  weather  maps  reveals  the  presence  of  certain  outstand¬ 
ing  features  of  the  weather  pattern,  such  as  cyclones  and  anticyclones,  whose  identities  are  usually  preserved 
from  one  map  to  the  next.  A  closer  study  shows  that  even  though  certain  features  of  one  map  may  at  times 
appear  virtually  unaltered  on  the  following  map,  aside  from  a  change  in  geographical  location,  at  other  times 
these  features  may  undergo  marked  variations  in  intensity.  It  is  not  surprising,  therefore,  that  variations 
of  the  state  of  the  atmosphere  have  often  been  regarded  as  consisting  partly  of  displacement  of  the  prominent 
features,  and  partly  of  intensification  of  these  features. 

In  order  to  study  quantitatively  the  variations  of  the  state  of  the  atmosphere,  and  their  resolutions  into 
displacement  and  intensification,  one  must  first  choose  some  quantity  or  some  set  of  quantities  as  a  measure 
of  the  existing  state  of  the  atmosphere.  The  way  in  which  particular  variations  will  be  resolved  will  depend 
upon  what  quantity  is  chosen.  By  far  the  most  commonly  used  quantity  would  seem  to  be  pressure,  in 
view  of  the  almost  universal  use  of  sea-level  pressure  maps  in  synoptic  forecasting.  In  numerous  studies, 
however,  vorticity  rather  than  pressure  has  been  used  as  the  basic  quantity. 

Recently,  Starr  (1953)  (see  pp.  9-25)  has  used  the  relative  angular  momentum  about  an  arbitrary 
vertical  axis,  integrated  throughout  a  circular  cylinder  about  this  axis,  as  a  measure  of  the  state  of  the 
atmosphere  in  the  region  of  the  cylinder.  Such  angular  momentum  may  be  called  local  angular  momentum, 
to  distinguish  it  from  the  more  widely  studied  angular  momentum  about  the  earth’s  axis.  It  is  the  purpose 
of  this  paper  to  examine  a  method  of  resolving  the  theoretical  rate  of  change  of  local  angular  momentum  into 
displacement  and  intensification,  and  to  compare  this  resolution  with  the  resolutions  which  occur  when  more 
familiar  quantities  are  used  as  measures  of  the  state  of  the  atmosphere. 

A  natural  choice  for  a  basic  quantity  is  pressure,  since  many  meteorologists  are  accustomed  to  think  in 
terms  of  pressure,  identifying  particular  weather  phenomena  with  the  pressure  patterns  which  accompany 
them.  Particularly  at  sea  level,  pressure  can  be  measured  with  a  high  degree  of  accuracy.  It  is  therefore 
possible  to  resolve  observed  pressure  changes  into  displacement  and  intensification,  using  some  method  such 
as  the  one  used  by  Austin  and  Shapiro  (1951),  where  the  pressure  change  which  would  have  occurred  at  a 
point,  if  a  nearby  pressure  system  had  moved  without  changing  its  shape,  is  assumed  to  consist  of  displace¬ 
ment,  and  the  remainder  of  the  actual  pressure  change  is  assumed  to  consist  of  intensification.  An  alternative 
method  of  resolution,  suggested  by  Austin  (1952),  is  based  upon  the  behavior  of  isallobaric  centers  rather 
than  isobaric  centers.  It  is  evident  that  these  methods  do  not  yield  identical  resolutions,  since  changes  in 
the  form  of  isobaric  centers  do  not  imply  similar  changes  in  the  form  of  isallobaric  centers. 

Pressure  possesses  the  disadvantage,  however,  that  the  value  of  the  theoretical  expression  for  its  rate  of 
change  cannot  readily  be  computed  from  observational  data.  To  resolve  the  theoretical  rate  of  change  into  a 
computable  displacement  and  a  computable  intensification  is  clearly  out  of  the  question. 

Recently  vorticity  has  been  widely  used  as  a  measure  of  the  state  of  the  atmosphere.  The  mean 
vorticity,  i.e.,  the  vorticity  of  the  mean  wind,  i.e.,  of  the  wind  vector  averaged  vertically  with  respect  to 
pressure,  is  especially  suitable.  As  a  first  approximation,  its  theoretics  1  rate  of  change  is  given  by  the  mean 
horizontal  advection  of  vorticity,  i.e.,  by  the  advection  computed  at  individual  levels  and  then  averaged 
vertically.  The  mean  vorticity  and  the  mean  advection  of  vorticity  may  both  be  de  termined  fairly  accurately 
from  observational  data,  if  the  geostrophic  approximation  is  used  for  purposes  of  computing.  A  knowledge  of 
these  quantities  appears  to  give  considerable  information  concerning  the  accompanying  weather  phenomena. 
Thus  it  is  that  the  mean  vorticity  has  served  as  a  basic  quantity  in  many  of  tbe  recent  methods  of  numerical 
weather  prediction  (see  Charney  (1949)  and  Thompson  (1952)). 


-165- 


Sine*  the  mean  advection  of  vorticity  is  a  quadratic  function  of  the  wind  field,  it  ia  not  determined  by 
the  mean  wind.  Aa  an  approximation,  however,  one  may  replace  the  mean  advection  of  vorticity  by  the 
advcction  of  the  mean  vorticity  by  die  mean  wind.  This  procedure  yielda  a  simplified  form  of  the  baro tropic 
vorticity  equation.  This  equation  has  the  well-known  property  that  it  cannot  lead  to  the  appearance  of  ne  w 
values  of  mean  vorticity,  but  can  merely  redistribute  the  existing  values,  and  so,  from  the  point  of  view  of 
vorticity,  cannot  lead  to  intensification  (see  Chantey,  Fjortoft  and  von  Neumann  (1950)).  There  ia 
available,  therefore,  a  natural  method  of  resolving  the  theoretical  rate  of  change  of  vorticity  into  displacement 
and  intensification:  the  advection  of  mean  vorticity  by  the  mean  wind  represents  displacement,  and  the 
excess  of  the  mean  advection  of  vorticity  over  this  quantity  represents  intensification. 

Although  tins  method  of  resolution  may  seem  to  be  the  moat  natural,  other  methods  are  possible.  A 
more  general  form  of  the  baro  tropic  vorticity  equation  occurs  when  the  wind  speed  ia  assumed  to  vary  with 
elevation,  while  the  wind  direction  remains  fixed.  This  equation  again  leads  to  an  advection  of  mean 
•  vftscity,  hut  by  a  triad  somewhat  stronger  than  the  mean  wind  (Chantey  (1949)),  and  therefore  cannot  lead 
to  intensification  in  the  sense  of  introducing  new  values  of  mean  vorticity.  It  might,  therefore,  he  mote 
logical  to  let  the  intensification  be  represented  by  the  departure  of  the  mean  advection  of  vorticity  from  the 
advection  of  vorticity  by  a  wind  which  equals  the  mean  wind,  multiplied  by  a  suitable  function  of  elevation. 

It  should  be  noted  that  the  alternative  methods  of  resolution  just  described  differ  not  only  from  each 
other,  but  also  from  the  methods  which  arise  when  pressure  rather  than  vorticity  is  used  as  the  basic  quantity. 
It  can  hardly  be  expected  that  advection  of  vorticity  will  preserve  the  strengths  of  maxima  and  minima  in 
the  pressure  field.  Numerous  other  methods  of  resolution  could  presumably  be  justified  also.  There  is 
probably  no  one  "best 14  method;  at  most,  there  may  be  beat  methods  of  resolution  for  particular  problems. 

In  the  previously  mentioned  paper,  Starr  (1953)  showed  that  at  the  onset  of  an  extra  tropical  cyclone, 
the  increase  of  local  angular  momentum  within  a  cylinder  must  result  from  the  horixontal  flow  of  already* 
existing  local  angular  momentum  across  the  vertical  boundary  of  the  cylinder.  In  the  present  paper,  this 
flow  will  be  taken  as  a  first  approximation  to  the  change  of  total  local  angular  momentum.  Both  the  local 
angular  momentum  and  the  flow  of  local  angular  momentum  can  be  determined  fairly  accurately  from 
observational  data  if  the  geos  trophic  approximation  is  used  for  purposes  of  computing. 

Like  the  mean  vorticity,  the  total  local  angular  momentum  is  determined  by  the  mean  wind.  Like  the 
mean  advection  of  vorticity,  the  total  transport  of  local  angular  momentum  is  a  quadratic  function  of  the 
wind  fold,  and  so  is  not  determined  by  the  mean  wind.  It  may,  however,  be  resolved  into  the  transport 
due  to  the  mean  wind,  and  the  departure  of  the  total  transport  from  the  transport  due  to  the  mean  wind.  In 
this  paper  the  case  will  be  presented  for  regarding  such  a  resolution  as  a  resolution  into  displacement  and 
intensification. 

In  the  following  paragraphs,  it  will  be  assumed  that  the  portion  of  the  earth’s  surface  under  consideration 
may  be  approximated  by  a  plane.  In  this  plane,  polar  coordinates  (r,  $)  may  be  introduced.  If  variations 
of  the  surface  pressure  p0  are  neglected,  the  total  local  angular  momentum  M  within  a  cylinder  of  radius  R 
whose  vertical  axis  passes  through  the  origin  is  given  by 

Af  ~  y  y*  r*er  d6  dr ;  (1) 

and  the  horixontal  flow  r  of  local  angular  momentum  across  the  vertical  boundary  of  the  cylinder  is  given  by 

de.  (2) 
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Id  these  expressions  g  is  the  acceleration  of  gravity,  cm  and  cr  are  the  radial  (inward)  aad  tangential  (counter¬ 
clockwise)  components  of  the  wind  velocity  e,  and  a  bar  denotes  a  vertical  average  throughout  the  atmos¬ 
phere  with  respect  to  pressure.  The  first  approximation  to  the  rate  of  change  of  M  is 


9M 


at 


»v  f* 


(3) 


The  well-known  rule  that  the  average  value  of  a  product  equals  the  produet  of  the  average  values  phis 
the  average  value  of  the  product  of  the  departures  from  average  may  now  be  applied.  The  approximation 
(3)  then  becomes 


(4) 


whore  a  prime  denotes  a  departure  from  the  kind  of  average  denoted  by  a  bar.  It  is  the  first  aad  second 
terms  on  the  right  side  of  approximation  (4)  which  are  claimed  to  represent  displacement  and  intensifica¬ 
tion,  respectively. 


The  justification  for  this  claim  depends  on  the  relation  between  local  angular  momentum  and  vorticity . 
The  vorticity  f  la  given  by 


t 


(5) 


If  the  mean  wind  is  assumed  to  be  nondivergent,  an  assumption  which  is  equivalent  to  neglecting  variations 
of  pt,  and  if  variations  of  the  Coriolis  parameter  are  neglected,  the  approximate  relation 


*1 

at 


c-Vf 


(6) 


may  he  obtained,  expressing  the  rate  of  change  of  mean  vorticity  f  as  the  mean  advection  of  vorticity. 
expression  may  be  rewritten 


d£ 

at 


c*Vf  —  c'-Vf*  . 


This 

(7) 


According  to  the  previous  discussion,  the  first  and  second  terms  on  the  right  of  approximation  (7)  may  be 
regarded  as  displacement  and  intensification,  respectively. 

The  relation  between  M  and  f  will  now  be  established.  If 


it  follows  from  Eq.  (S)  that 


C(rt)  -  /“A*  dr, 
C(r»)  -  £ cT(ri,  9)ri  dB. 


(«) 

(9) 


Equations  (8)  and  (9)  merely  express  the  familisr  relation  between  circulation  and  vorticity. 
of  Eq.  (9)  with  Eq.  (1)  shows  thst 

M  —  —  f  riC(ri)  dri , 

g  J • 


whence  from  Eq.  (8), 


M  =  tr&drdrL 


Comparison 

(10) 

(11) 
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A  change  la  the  order  of  integration  reduces  Eq.  (11 )  to  the  simpler  expression 

M  £  -(«*  -  r*)}r  4$  dr.  (12) 

That  M  is  proportional  to  a  weighted  average  value  of  f  over  the  circle  of  radius  R,  the  weighting  factor 
being  greatest  at  the  center,  and  falling  off  to  aero  at  the  boundary. 

It  follows  that  exact  changes  of  M  are  determined  by  exact  changes  of  the  distribution  of  f.  The 
approximate  rate  of  change  of  Af  consistent  with  the  approximate  rate  of  change  of  f  associated  with  dts> 
placement,  as  given  by  the  first  term  on  the  right  of  {?),  will  now  be  determined. 

Since  (7)  is  based  upon  the  assumption  that  the  mean  wind  c  is  nondivergeut,  tins  same  assumption 
may  he  used  to  introduce  a  stream  function  such  that  Cr  —  4>r  and  c,  —  where  the  subscripts  r  and  8 
denote  partial  differentiation.  Them 

F  «  W  -  r~‘(nt,)r  +  r~Y«.  (13) 

The  approximate  value  of  df/dt  associated  with  displacement  may  he  written 

+  MT).  (14) 

The  value  of  dC/dt  consistent  with  Eq.  ($)  and  approximation  (14)  is 

~  J*  M(n,  8)  J8.  (IS) 

and  the  value  of  dM/di  consistent  with  Eq.  (10)  and  approximation  (15)  is 

f*  RM.  de.  (16) 

“  &  J* 

Evidently  the  right  side  of  (16)  is  identical  with  the  first  term  on  the  right  of  (4).  It  follows  that 
the  approximate  value  of  dM/dt,  as  defined  by  (16)  or  by  the  first  term  on  the  right  of  (4),  is  equal  to  the 
value  which  would  result  if  the  value  of  dj/dt  at  every  point  within  the  circle  woe  equal  to  the  value  aaso* 
(dated  with  displacement,  as  defined  by  (14)  or  by  the  first  term  on  the  right  of  (7).  If  t  his  definition  of  dis¬ 
placement  is  accepted,  the  first  term  on  the  right  of  (4)  must  *lso  represent  displacement.  The  remainder 
of  the  approximation  (4),  Le„  the  second  term  on  the  right,  then  represents  intensifies  lion. 

Thus,  there  is  available  a  natural  method  for  resolving  the  rate  of  change  of  local  angular  momentum 
into  displacement  and  intensification.  Needless  to  say,  it  is  not  the  only  possible  method. 

It  is  generally  accepted  that  atmospheric  motion  tends  to  conserve  absolute  vortkity  rather  than 
relative  vortkaty.  Hence  a  more  accurate  approximation  than  (6)  or  (7)  is 

~  — e-Vf  —  c-VX,  (17) 

st 

when  X  is  the  Coriolis  parameter.  If  (17)  is  accepted  in  place  of  (6),  the  corresponding  approximation  (3) 
or  (4)  must  also  be  modified  by  toms  involving  X.  These  terms  are  discussed  by  Starr  (1953).  It  is  signifi¬ 
cant  that  these  terms,  and  also  the  last  term  in  (17),  are  linear  functions  of  the  mean  wind  field,  since  X  does 
not  vary  with  elevation-  Hence  they  may  be  combined  with  the  terms  previously  regarded  as  representing 
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displacement,  to  represent  displucement  in  the  teste  of  leading  to  so  sew  values  of  absolute  vortieity.  The 
term*  in  (4)  and  (7)  representing  intensification  an  therefore  unaltered  by  the  addition  of  tense  involving  X 
to  (4)  and  (7). 

The  tom  is  (4)  representing  inteaaifiea rioo,  sad  involving  cm'cr\  takes  on  a  simple  form  if  it  is 
that  the  wind,  hat  sot  the  wind  shear,  varies  with  elevation.  In  this  case,  if  the  geoetrophic  approximation 
is  used  for  purposes  of  computing,  ca!  and  Cr'  may  be  regarded  as  components  of  the  thermal  wind.  The 
term  in  question  may  then  be  regarded  aa  the  transport  of  the  angular  momentum  of  the  thermal  wind  by 
the  thermal  wind.  Its  value  k  related  to  the  configuration  of  the  isotherms  in  the  same  way  that  the  value 
of  the  term  representing  displacement  is  related  to  the  mean  streamline*.  The  reasoning  ieadmg  to  this 
conclusion  is  analogous  to  the  reasoning  which  leads  to  the  condawon  that  the  term  in  (7)  representing 
intensification  may  be  regarded  M  the  advection  of  the  vortieity  of  the  thermal  wind  by  the  thermal  wind 
(see  Chantey,  Fjortoft  and  von  Neumann  (1950)  and  Fjortoft  (1951)). 

1c  discussing  local  angular  momentum,  Starr  (1953)  suggested  choosing  the  axis  of  the  cylinder  near 
the  center  of  a  cyclone,  ft  is  possible  to  extend  this  procedure,  and  consider  the  total  local  angular  momen¬ 
tum  in  each  of  many  cylinders.  Then  M  becomes  a  function  of  the  coordinates  of  the  center  of  the  cylinder. 

To  express  this  function  analytically,  it  is  most  convenient  to  introduce  rectangular  coordinates  (*♦*), 
and  to  let  u(x,y)  and  v(x,y)  be  the  components  of  c  in  the  directions  of  the  x~  and  y-  axes.  Then, 

M(x,y)  *£(*.'/)  -O'- y)u&,y)W  d/,  (18) 

where  A  (x,y)  represents  the  area  of  the  circle  of  radius  R  centered  at  (x,y).  An  interesting  question  which 
now  arises  is  whether  maxima  and  minima  of  M(x%y)  are  preserved  under  changes  associated  with  displace¬ 
ment,  as  defined  by  the  first  term  on  the  right  of  Eq.  (4).  Evidently  this  question  must  be  answered  is  the 
negative.  According  to  Eq.  (12),  the  field  or  \  si  angular  momentum  may  be  regarded  as  a  smoothed  field 
of  vortieity.  Even  if  no  new  values  of  f  occur,  more  extreme  smoothed -values  may  occur  if  high  or  low 
values  of  }  become  more  closely  packed  together.  Such  a  situation  might  arise  if  the  amplitudes  of  long 
wavelengths  in  the  field  of  f  increase  at  the  expenae  of  the  amplitudes  of  short  wavelength*.  Nevertheless, 
it  would  seem  that  very  pronounced  changes  in  the  maxima  and  minima  in  the  field  of  M,  and  hence  in  the 
smoothed  field  of  f ,  could  result  only  from  changes  in  the  maxima  and  minima  in  dm  unsmoothed  field  of  f, 
and  would  hence  be  associated  with  intensification. 

Finally,  one  may  ask  whether  M(x,  y)  is  really  a  good  measure  of  the  state  of  the  atmosphere,  and,  in 
particular,  whether  large  values  of  M  imply  strong  cyclonic  activity.  An  indication  that  this  is  so  comes 
from  Eq.  (12),  which  expresses  M  as  a  smoothed  vortieity,  and  which  may  be  written,  symbolically, 

M{x  oO  -  &  ff  i  (JP  -  H)f  dA,  (19) 

a  (m>) 

where  r  represents  distance  from  (x,y).  An  additional  indication  comes  from  the  expression  for  M  as  a 
stream  function  deficit,  i.e.,  a  deficit  of  the  average  stream  function  over  an  area  below  the  average  stream 
function  over  the  boundary  of  the  area,  namely, 

M(x,y)  -  2A  j[|y* +dS~^ff+dA]  (20) 

*(»ji)  a  (».*) 
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where  SC*,/)  k  the  circumference  of  the  circle  whose  arm  i»A  (x,y).  Equation  (20)  follows  from  Eq.  (19) 
when  { it  expressed  in  terns  of  +.  Another  equation  relating  M  and  namely, 

M<*r)  “  ?(£ + $)fll l*  -’*>*' "  (2l> 

also  follows  from  Eq.  (19). 

The  ihtrutiH  Eq».  (19),  (20)  and  (21)  for  Af  in  terms  of  f  and  f  suggest  that  conversely  the  fields  of  f 
and  t  may  be  determined  by  the  field  of  Af,  together  with  statable  boundary  conditions.  If  this  is  so,  it 
might  even  be  possible  to  set  up  «  system  of  numerical  forecasting  with  Af  rather  then  fm  basic  quantity. 
In  any  case,  it  »  strongly  suggested  that  both  the  field  of  Af  and  individual  values  of  Af  are  indicative 
measures  of  the  state  of  the  atmosphere. 
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ABSTRACT 

Angular  momentum  relative  to  a  fixed  vertical  axis  is  used  as  a  measure  of  rotational  Sow  on  the  stale  of 
cyclones  and  anticyclones.  An  exact  equation  derived  by  Starr  for  the  time  rate  of  change  of  this  momentum 
is  expressed  in  an  approximate  form,  and  a  long-period  observational  study  is  made  in  two  regions  to  deter¬ 
mine  the  validity  and  prognostic  implications  of  the  resulting  relationship. 

It  is  found  that  the  fluctuations  of  angular  momentum  can  be  accounted  for  primarily  by  a  single  effect  — 
the  horizontal  transport  of  momentum  across  the  boundaries  of  the  regions.  Moreover,  a  sufficient  lag  rela¬ 
tionship  is  found  to  exist  so  that  the  transport  serves  as  a  predictor  of  the  52-hour  change  of  momentum. 


1.  Introduction 

Although  an  exact  solution  of  the  general  equations 
governing  the  "meteorological  behavior”  of  the  atmos¬ 
phere  remains  beyond  the  scope  of  even  the  most 
powerful  techniques  of  mathematical  analysis,  useful 
information  about  the  atmosphere  can  still  be  obtained 
by  formulating  and  solving  less  general,  though  non¬ 
trivial,  problems.  In  this  connection,  one  may  cite  the 
successful  application  of  the  principle  of  conservation 
of  angular  momentum,  on  a  global  basis,  in  studies  of 
the  dynamics  of  the  general  circulation  (see,  for  ex¬ 
ample,  Lorenz  [2],  Mintz  and  Kao  [4],  and  Starr  and 
White  [8]). 

Recently,  a  relationship  has  been  derived  by  Starr 
[7]  which  extends  the  application  of  the  angular- 
momentum  principle  to  large-scale  rotational  systems 
whose  axes  of  rotation  do  not  necessarily  coincide  with 
the  axis  of  the  earth  (e.g.,  cyclones  and  anticyclones). 
Starr  uses  angular  momentum  relative  to  a  fixed 
vertical  axis  as  a  measure  of  cyclonic  activity  within  a 
circular  cylinder  about  this  axis.  On  the  basis  of  the¬ 
oretical  considerations  and  an  observational  case  study 
of  a  cyclone,  he  suggests  that  the  increase  of  local 1 
momentum  within  the  cylindrical  volume  is  attribut¬ 
able  primarily  to  the  horizontal  flux  of  this  momentum 
from  the  environment. 

In  the  present  study,  local  angular  momentum  is 
taken  as  a  measure  of  the  state  of  rotation  in  two  large 
cylindrical  volumes  —  one  located  over  the  central 
United  States  and  the  other  over  the  North  Atlantic 
Ocean.  As  shown  in  fig.  1,  the  dimensions  of  these 
cylinders  are  such  that  they  capture  the  effects  of  the 

1  The  research  reported  in  this  article  ha3  been  sponsored  by 
the  Geophysics  Research  Directorate,  Air  Force  Cambridge  Re¬ 
search  Center, 

•After  Lorenz  1.3  J,  angular  momentum  relative  to  axes  other 
than  that  of  the  earth  will  hereafter  be  called  local  angular 
momentum. 


large-scale  horizontal  eddies  in  the  atmosphere.  The 
objective  of  the  study  are  (1)  to  determine,  by  means 
of  an  e  nsive  day-to-day  empirical  test,  the  degree 
to  which  the  observed  fluctuations  of  local  angular 
momentum  in  the  two  regions  can  be  accounted  for  by 
the  horizontal  transport  of  local  momentum  across  the 
surrounding  walls,  and  (2)  to  explore  the  possibility 
that  a  sufficient  lag  relationship  exists  so  that  this 
transport  may  be  used  as  a  predictor  of  the  local 
momentum  in  the  regions. 

2.  The  local  angular  momentum  tendency  equation, 
exact  and  approximate 

Referred  to  a  cylindrical  polar  coordinate  system 
(r,  0,  z),  the  equation  derived  by  Starr  for  the  time 
rate  of  change  of  local  angular  momentum  within  a 
cylindrical  volume,  V,  extending  through  the  depth  of 
the  atmosphere,  may  be  written  in  the  form 

—  f  prer  dV  —  R  f  pCrCs  dS  f  ~ d  V 
dt  Jy  J  s  J  V  98 

+  f  fi/rc»dV+  f  prDdV,  (1) 
Jy  Jy 

where  5  is  the  vertical  surface  and  R  the  radius  of  the 
volume,  Ct  and  c*  are  the  tangential  (positive  counter¬ 
clockwise)  and  radial  (positive  inward)  components  of 
the  wind  velocity,  respectively,  p  is  density,  p  pressure, 
/  the  Coriolis  parameter,  D  tfie  tangential  component 
of  the  frictional  force  per  unit  mass,  and  t  is  time. 

This  equation  states  that  the  total  local  angular 
momentum  within  the  cylinder  may  vary  as  a  result 
of  the  horizontal  transport  of  such  momentum  across 
the  walls  of  the  cylinder  and  as  a  result  of  torques  due 
to  pressure  gradient,  Coriolis  and  frictional  forces. 

As  noted  by  Starr  (7],  the  pressure-torque  term, 
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(  (dp/dO)  d  V,  vanishes  identically  unless  topographi¬ 
cal  irregularities  are  present  within  the  cylinder.  In 
this  study  w'e  arc  concerned  with  cylindrical  volumes 
whose  underlying  surfaces  (the  North  Atlantic  Ocean 
and  the  central  plains  of  the  United  States)  are  rela¬ 
tively  flat,  thereby  excluding  any  consideration  of 
“mountain  torque"  effects. 

While  friction  is  known  to  be  of  considerable  impor¬ 
tance  in  the  general  circulation,  its  influence  on 
vertically-integrated  cyclonic-scale  circulations,  at 
least  for  short  periods  of  time,  is  probably  not  very 
great. 

Furthermore,  as  noted  by  Starr  £7],  the  Coriolis 
effect  represented  by  the  third  term  on  the  right  is 
probably  not  of  primary  importance  in  producing 
rhanges  of  local  momentum. 

On  the  basis  of  these  considerations,  one  might 
venture  the  guess  that  the  most  important  single  con¬ 
tribution  to  the  growth  and  decay  of  rotational  mo¬ 
tion  in  a  region  free  of  mountain  barriers  comes  from 
the  horizontal  transport  of  local  angular  momentum, 
as  represented  by  the  first  term  on  the  right-hand  side 
of  (1).  Accordingly,  as  a  first  approximation,  (1)  may 
be  written  in  the  form 

aM/ai  =  ■*,  (2) 

where  M  =  prcT  d  V,  and  *  =*  R  J'  pc-tCr  dS. 

The  remainder  of  this  article  is  devoted  to  a  study 
of  the  validity  and  prognostic  implications  of  this  ap¬ 
proximate  momentum-tendency  equation  by  means  of 
correlation  and  spectral  analysis  of  observational  data. 

3.  Data  and  computational  procedure 

Estimates  of  M  and  x  for  the  North  Atlantic 
cylinder  were  computed  geostrophically  with  use  of 
data  at  the  surface  and  at  the  700-,  500-,  300-  and 
100-mb  levels,  at  24-hr  intervals,  for  January  and 
February  1949  (a  total  of  59  cases).  These  estimates 
will  be  denoted  by  M*  and  r*. 


It  was  considered  desirable  to  study  a  longer  series 
of  data  with  smaller  time  intervals  between  successive 
values.  Although  additional  data  at  high  levels  were 
lacking,  sufficiently  long  series  of  500-mb  data  were 
available  at  12-hr  intervals.  Accordingly,  time  series 
of  momentum  and  momentum  transport,  estimated  by 
the  use  of  500-mb  data  alone  (henceforth  denoted  by 
M  and  t),  were  computed  in  addition  to  the  afore¬ 
mentioned  series,  for  both  the  United  States  and 
North  Atlantic  cylinders.  It  should  be  noted  that,  lo 
the  extent  that  the  wind  at  the  SOO-mb  level  approxi¬ 
mates  the  vertically-averaged  wind,  the  use  of  M 
and  t  in  place  of  M  ;*.nd  t  reflects  the  difference  be¬ 
tween  an  assumed  barotropic  model  and  the  true 
baroclinic  atmosphere.  This  follows  from  the  fact  that 
the  departure  of  the  transport  of  mean  momentum  by 
the  mean  wind  (proportional  to  t)  from  the  mean  trans¬ 
port  of  momentum  (proportional  to  e)  is  directly  at¬ 
tributable  to  the  baroclinicity  of  the  atmosphere.  In 
general,  however,  the  500-mb  wind  is  not  exactly  equal 
to  the  vertical  mean  wind.  Hence,  the  use  of  M  and  r 
in  place  of  M  and  t  in  (2)  contains,  in  addition  to  the 
assumption  of  barotropy,  the  implicit  assumption  that 
the  effects  of  the  Coriolis  term  and  the  vertical  con¬ 
vergence  of  momentum  are  negligible  at  the  500-mb 
level.  The  ultimate  justification  for  the  use  of  500-mb 
data  alone  is  the  extent  to  which  the  relationship 
dM/dl  =  r  is  observed  to  apply  in  the  atmosphere. 

For  the  United  States  cylinder,  M  and  t  were  com¬ 
puted  at  12-hr  intervals  from  500-mb  streamline  and 
isotach  charts  for  March  and  April  1952  (122  cases). 
Observed  winds,  supplemented  by  gradient  winds  in 
regions  of  sparse  data,  served  as  the  basis  for  the 
analyses  of  these  charts.  The  observed  winds  were 
derived  from  radiosonde,  rawin  and  pilot-balloon 
reports,  while  the  gradient  winds  were  computed  from 
500-mb  charts  extracted  from  the  Massachusetts 
Institute  of  Technology  official  map  series. 

For  the  North  Atlantic  cylinder,  M  and  r  were  com¬ 
puted  geostrophically  at  12-hr  intervals  for  January 
to  April  1949  (239  cases).  The  data  used  in  obtaining 
the  estimates  of  the  momentum  and  momentum  trans¬ 
port  for  this  region  were  derived  from  the  following 
sources : 

1.  24-hr  tea -level  and  500-mb  maps  from  the  northern-hemi¬ 
sphere  historical  map  series,  January  to  April  1949: 

2.  1500  GOT  500-mb  maps  of  the  La  Guardia  Field,  Inter¬ 
national  Aviation  Forecast  Unit,  January  to  April  1949; 

3.  12-hr  700-mb  maps  of  the  Extended  Forecasting  Section, 
U.  S.  Weather  Bureau,  January  to  April  1949;  and 

4.  24-hr  300-  and  100-mb  maps  prepared  by  the  University  of 
California  General  Circulation  Project,  January  to  February 
1949. 

Computational  procedure. — M*  and  r*  were  com¬ 
puted  by  numerical  integration,  with  use  of  the  values 
of  the  local  momentum  and  local  momentum  transport 
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at  each  of  the  five  levels.  As  defined  above,  M  and  r 
were  computed  from  500-mb  data  only.  A  pilot  study 
indicated  that  a  12-point  grid  network  at  each  level 
along  the  circumference  of  the  cylinder  provided  ade¬ 
quate  resolving  power  for  these  measurements. 

The  formula  for  the  computation  of  the  momentum 
transport  per  unit  pressure  difference  at  a  given  pres¬ 
sure  level,  p,  may  be  written  in  terms  of  the  product, 
ctCr,  at  each  of  the  grid  points,  in  the  form 

tR?  »  } 

T(p)  *=  22  tcrCis).tP,  (3) 

6  g  l,-i  ) 


where  g  is  the  acceleration  of  gravity. 

The  formula  for  the  momentum  per  unit  pressure 
difference  at  level  p  may  be  written  in  the  form 


M(p)  (2  x/g) 


rs0r3P  dr, 


(4) 


Xii 

(  )  dB.  Strictly  speaking,  it  is 

necessary  to  know  the  value  of  fcrj  along  each  of 
several  concentric  rings  to  evaluate  this  integral. 
With  sufficient  accuracy,  however,  it  can  be  assumed 
that  [TrJ  is  uniform  in  the  radial  direction.  This  as¬ 
sumption  is  especially  valid  if  the  peripheral  value  of 
[crj  is  chosen  as  the  representative  radially-constant 
value,  since  this  quantity  is  weighted  most  heavily  in 
the  integral  (4).  Accordingly,  the  formula  for  the  com¬ 
putation  of  M(p)  becomes 


M{p) 


Tig 


« 

33  (<+)» 


1 


P 


(S) 


4.  Correlation  analysis 

Integration  of  the  simple  differential  equation  (2) 
over  the  time  interval  t,  to  tj  leads  to  an  expression  of 
the  form 

(AAf)w  =  t, 

where  (A M)i~f  23  Af/  —  Af„  and  the  bar  denotes  the 
time  integral.  Correlations  between  (AM)o~u  and  ? 
(where  the  change  of  momentum  and  the  integration  of 
the  momentum  transport  are  taken  over  the  same 
24-hr  period)  are  presented  in  table  1.  Here  ?a,u,« 
represents  an  estimate  of  f  obtained  by  use  of  three 
successive  values  of  r,  the  middle  (12-hr)  value  being 
weighted  by  a  factor  of  two  in  accordance  with  the 
trapezoidal  rule. 

Although  not  perfect,  these  correlations  demonstrate 
the  high  degree  to  which  the  simple  relationship  (2)  is 
fulfilled  in  the  atmosphere,  even  when  data  at  the 
500  mb  level  only  are  used  to  estimate  M  and  *.  It 
should  be  noted  that,  even  if  (2)  governed  the  variables 
exactly,  a  perfect  correlation  would  be  impossible  by 
virtue  of  random  errors  in  the  raw  wind  and  pressure 
data,  in  the  analyses  of  these  data,  and  in  the  finite- 


Table  1.  Correlations  of  time-integrated  value  of  r  with 
simultaneous  change  of  M  over  24-hr  interval. 


u.s. 

N.  AU. 

fo.ii.j4  vs.  (A.Vf)o-M : 

+0.78 

+0,70 

Number  of  pairs: 

121 

238 

difference  computations  from  the  resulting  charts. 
The  higher  correlation  obtained  for  the  United  States 
cylinder  may,  in  fact,  be  a  reflection  of  the  greater 
accuracy  of  observed  wind  information  based  on  a 
rather  extensive  network  of  reporting  stations. 

As  noted  by  Panofsky  £5],  there  is  no  fully  accept¬ 
able  way  of  demonstrating  the  “significance"  of  cor¬ 
relations  of  the  type  presented  here.  The  fact  that  the 
correlations  in  table  1  are  based  on  many  pairs  of  data 
and  are  founded  on  a  physical  basis  is  good  reason  for 
believing  that  they  are  not  merely  accidental. 

One  might  expect  even  higher  correlations  when 
values  of  momentum  and  momentum  transport  based 
on  data  at  several  levels  of  the  atmosphere  are  used. 
As  noted  earlier,  such  “vertically  integrated”  data 
were  available  for  the  North  Atlantic  region  for  59 
cases  at  24-hr  intervals  only.  In  the  absence  of  the 
middle  (12-hr)  information,  the  reliability  of  the 
estimates  of  the  time  integral  t*  is  reduced  consider¬ 
ably.  Consequently,  the  correlation  between  r* and 
(AAPV34  turns  out  to  be  rather  low  (+0.54);  but, 
when  this  correlation  is  compared  with  that  obtained 
by  extracting  the  corresponding  59  pairs  of  data  from 
the  previously  discussed  series  of  238  pairs  based  on 
500-mb  information  alone,  the  vertically-integrated 
model  shows  an  improvement  as  expected  (see  table 
2)*.  Although  the  “significance”  of  this  improvement 
is  open  to  question,  one  may  speculate,  on  the  basis  of 
the  result,  that  if  12-hr  values  of  M *  and  r*  were 
available  the  simple  derivative  relationship  (2)  might 
be  verified  to  an  even  higher  degree  than  is  indicated 
by  the  correlations  presented  in  table  1. 

Prediction. — Correlations  between  the  instantane¬ 
ous  value  of  t  and  the  subsequent  change  of  M  over  12 
hr  are  presented  in  the  first  row  of  table  3.  These  cor¬ 
relations  give  evidence  that  r0  is  of  value  as  a  predictor 
of  the  12-hr  change  of  local  momentum,  accounting 
for  30  to  40  per  cent  of  the  variance  of  (AAf)o_ii. 

The  prediction  question  may  be  looked  upon  from  a 
slightly  different  viewpoint.  The  correlations  presented 

*  The  importance  of  the  additional  12-hr  information  is  dearly 
demonstrated  by  the  following  consideration:  when  to, „  is  re¬ 
placed  by  rma  in  the  first  line  of  table  2,  the  correlation  with 
(A.tf)o- 3,  for  the  same  58  pairs  is  raised  to  +  0.70. 

Table  2.  Correlations  using  500-mb  data,  compared  with  those 
using  corresponding  vertically-integrated  data. 


fan  vs.  4-0.29 

r*o.*4  vs.  ( a A4*)o . j, :  +0.54 

Number  of  pairs :  58 
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ia  the  second  row  of  table  3  show  that  approximately 
60  per  cent  of  the  variance  of  Mu  can  be  accounted  for 
by  Mu,  that  is,  by  persistence.  The  usefulness  of  mo¬ 
mentum  transport  as  a  predictor  of  future  values  of 
momentum  may  be  measured  by  the  extent  to  w’hich 
r«  can  account  for  the  remaining  variance  of  Mu-  In 
this  connection,  correlations  between  M  u  and  the  best 
possible  linear  combination  of  Mo  and  ru  were  com¬ 
puted  ;  these  are  presented  in  the  third  row  of  table  3. 
A  comparison  of  these  correlations  with  the  persistence 
correlations  shows  that  the  momentum-transport  in¬ 
formation  accounts  for  40  per  cent  of  the  remaining 
variance,  indicating  that  to  is  indeed  a  useful  param¬ 
eter  ii;  the  prediction  of  Mu- 

While  predictions  of  the  type  presented  here  might 
not  be  superior  to  those  prepared  by  forecasters  using 
empirical  procedures,  there  is  some  intrinsic  value  in 
being  able  to  attribute  future  changes  in  atmospheric 
flow  to  recognizable  dynamical  processes  in  the  atmos¬ 
phere.  This  has,  in  fact,  already  been  a  major  achieve¬ 
ment  of  the  barotropic  numerical-forecasting  experi¬ 
ments,  in  which  vorticbv  rather  than  local  angular 
momentum  has  served  as  the  primary  physical  param¬ 
eter.  The  connection  between  the  vorticity  and 
momentum  approaches  has  been  discussed  in  detail 
by  Lorenz  [3]. 

S.  Spectral  analysis 

The  time  variations  of  the  momentum  and  mo¬ 
mentum  transport  may  be  considered  to  consist  of  a 
superposition  of  harmonic  fluctuations  of  many  differ¬ 
ent  scales  or  frequencies.  It  is  of  interest  to  determine 
the  extent  to  w'hieh  these  harmonic  components  in¬ 
dividually  satisfy  (2).  For  example,  it  is  conceivable 
that  a  physical  effect,  such  as  friction,  influences  one 
scale  of  motion  more  than  another.  This  would  lead  to 
systematic  shortcomings  in  the  verification  of  (2)  for 
the  affected  frequency  bands.  The  technique  of  spectral 
analysis,  which  has  been  developed  in  comparatively 
recent  years,  is  well  suited  for  a  study  of  phenomena  of 
this  type.  This  technique  is  based  largely  on  a  theorem 
by  We  ner  £12],  which  demonstrates  that  a  variance 
spectrum  of  a  “random”  time  series  can  be  defined  and 
computed.  The  variance  spectrum  is  a  graph  showing 
the  contribution  of  each  small  band  of  harmonics  to 
the  tocai  variance  (or  power)  of  a  given  series,  and,  as 
such,  often  provides  the  clearest  characterization  of 
the  series. 

In  addition  to  the  spectrum  of  a  single  variable,  a 


Tabi.e  3.  12 

■hr  prediction  correlations 

u.  s. 

N.  All. 

to  vs.  (aA/]o-i-: 

4-  0.66 

+0.54 

Af,  <v  Af,,: 

4-0.78 

4-0.79 

(d  TU  +•  H  Afo)  15-  Af  I- 

4-0.88 

4-0.87 

Number  of  pairs: 

121 

2A8 

complex  cross-sj>ectrum  for  two  variables  such  as 
M{t)  and  r(l )  can  be  defined.  This  cross-spcctrum 
measures  the  power  common  to  both  series. 

by  comparing  the  spectra  computed  from  observed 
data  with  those  which  would  be  expected  in  theory  if 
(2)  were  valid  over  the  entire  frequency  range,  one  can 
obtain  a  measure  of  the  extent  to  which  the  compo¬ 
nents  of  momentum  and  momentum  transport  in 
different  portions  of  the  frequency  scale  satisfy  (2). 
This  application  of  spectral  analysis  is  somewhat 
different  from  previous  applications  in  meteorology, 
in  which  the  method  has  been  used  to  determine  a  rep¬ 
resentative  picture  of  the  scales  of  eddies  which  are 
important  in  turbulence  (see,  for  example,  Taylor  £9], 
and  Panofsky  and  McCormick  [A]).  In  the  present 
study,  the  spectra  are  not  obtained  primarily  for  the 
purpose  of  discovering  the  dominant  fluctuations  in 
the  data,  but  rather  as  a  means  for  testing  (2)  in  the 
frequency  domain. 

Theory. * — Weiner  £12]  has  shown  that  the  variance 
spectrum  <!>//(«),  of  a  given  function  /((),  may  be  ex¬ 
pressed  as  the  Fourier  transform  of  the  autocorrelation 
function  in  the  form 

#//(«)  =  f  <t>/j(t)  cos  oh  dc,  (6) 


where  the  autocorrelation  function,  <#>//(«),  is  given  by 

<£//(«)  “  lim  f  fit)  f(t  +  e)  it.  (7) 

In  these  equations,  /  may  represent  any  variable,  for 
example,  M  or  r  (where  the  symbols  /,  M  and  r  now 
refer  to  deviations  from  mean  values) ;  £  represents 
time  lag,  and  w  is  frequency. 

Similarly,  the  cross-spectrum  for  M  and  r  is  defined 
by  the  relationship 

<£rw(w)  =  |t_1  f  0,w(t)  d(,  (8) 

J  — go 

‘For  auxiliary  material  pertaining  to  the  theory  of  spectral 
analysis,  the  reader  is  referred  to  Wadsworth  ft  al  [fill  or 
Lee  £l  ]. 


Fig.  2.  Idealized  cross-correlation  function  for  *wo  variables, 
Af  and  r,  which  satisfy  d.\f /dt  **  r. 
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where  the  cross-correlation  function,  < pT.v  U  ,  is  given  by 
1  r* 

<t>r At(e)  =  hm  —  I  t  (t)  M(t  +  ,)dt.  (9) 

r-»*>  2/  J-r 

The  cross-spectrum  is  composed  of  both  a  real  and 
imaginary  component  (sometimes  called  the  cospec- 
trtim  and  quadrature  spectrum,  respectively).  These 
components  will  hereafter  be  denoted  by  Re{4>r«j 
and  im{4v« |,  respectively. 

By  introduction  of  (2)  into  the  definitions  of  the 
auto-  and  cross-correlation  functions  [(7)  and  (9)], 
the  following  relations  are  obtained  : 

4>rr(t)  ~ 

and 

4>ru{t)  ——  (10  a, b) 

Since  <t>MM  is  by  definition  an  even  function,  <pTu 
should,  in  consequence  of  (10b),  be  an  odd  function 
as  pictured  in  fig.  2. 

Further,  by  introducing  (10)  into  the  definitions  of 
the  power  spectra,  (6)  and  (8),  one  obtains 

Im  ji>Tikf(i<>)  J  —  iai  4*««(cj), 

—  oj  Im{4>rAf(aj)l, 

and 

Re  {4>r  *,(«>)!  =0.  (11  a,b,c) 

These  relationships  must  be  satisfied  by  the  data  if  (2) 
is  truly  valid.  The  observed  departures  from  this  be¬ 
havior,  if  such  exist,  may  serve  as  a  measure  of  the 
extent  to  which  the  hypothesized  relationship  (2)  is 
not  fulfilled  by  components  of  M  and  r  in  different 
frequency  bands. 

Data  and  computational  procedure. — The  data  for 
the  United  States  cylinder  were  chosen  for  the  applica  • 
tion  of  the  spectral  analysis.  The  standard  formula  for 


the  correlation  coefficient,  computed  at  discrete  lags 
from  zero  to  i40  half-days,  was  used  to  approximate 
the  auto-  and  cross  correlation  functions.  The  evalu¬ 
ation  of  the  integrals  defining  the  spectral  functions 
was  carried  out  numerically  by  the  trapezoidal  rule; 
the  formulae  for  this  numerical  integration  are 

Ac  88 

fy/ ("»)  —  —  fVv/(b)  +  2  21  4>//(*)  cos 
2r  3„i 

+  *//( 40)  cos  40  w*  ],  (12) 

At 

Re  {4>T,if(wB)|  -  —  [>,«(—  40)  cos  {— 40u>») 

4t 

+  2  22  4>ri i/(e)  cos  «„«  +  4>r«(40)  cos  40  u>„],  (13) 

and  ‘~_3S 

At 

1m  {4>t«(w»)!  - — C^,m(  —  40)  sin  (  — 40^») 

4  Tt 

39 

+  2  £  sin  a>»e  -f-  4>Ti,  (40)  sin  40  o>„],  (14) 

where  discrete  values  of  frequency  [a;*  =  «r/(40); 
n  —  0,  1,  2,  .  .  .  ,  401  are  used,  and  At  is  the  unit 
time  interval  of  one  half-day. 

To  reduce  errors  due  to  the  truncation  of  the  correla¬ 
tion  functions  at  a  given  lag,  Tukey  and  Hamming 
CIO]  recommend  a  smoothing  process,  known  as 
'  hanning.”  The  smoothed  spectra,  <t>'(o>n),  obtained 
from  the  values  4» (<*>„)  by  the  formula 

*'(«-)  -  }[*<«-.)  +  2*(«.)  +  *(«,+,)],  (15) 

were  computed  in  the  present  study.  It  is  recognized 
that,  while  this  smoothing  process  reduces  the 
“smearing”  effect  resulting  from  the  use  of  a  finite 
amount  of  data,  it  does  so  at  the  expense  of  resolution 
in  all  frequency  bands. 


Fro.  3  Correlation  functions  for  United  States  data.  (<js  denotes  normalised  correlation  functions  ) 
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The  spectra. — The  correlation  functions  and  spectra 
are  pictured  in  figs.  3  and  4,  respectively.  The  auto- 
and  cross-correlation  curves  appear  to  be  consistent 
with  (10).  It  may  be  noticed,  for  example,  that 
is  essentially  an  odd  function,  in  good  agreement  with 
fig.  2. 

The  spectrum  of  momentum,  shown  in  fig.  4a,  indi¬ 
cates  that  there  is  considerable  variance  in  frequencies 
ranging  from  1/4  to  1/S  day-1,  and  from  1/8  to  1/10 
day-1.  These  frequencies  characterize  the  scales  of 
transient  disturbances  which  were  dominant  in  the 


region  durinjfthe  particular  time  interval  studied.  It 
is  worthy  of  note  that  all  the  spectra  have  maxima  in 
these  same  frequency  bands.  This  is  in  accordance 
with  the  fact  that  there  is  a  significant  relationship 
between  M(t)  and  r(/). 

Let  us  now  examine  the  spectra  in  connection  with 
(11).  The  imaginary  component  of  the  cross-spectrum, 
computed  from  the  spectrum  of  M  by  means  of  (11a), 
is  compared  in  fig.  5  with  that  computed  directly  from 
the  equation  which  defines  Im|<*>,v}.  In  addition,  the 
“theoretical”  spectrum  of  r,  computed  from  the 


Fig.  5.  •'Theoretical"  and  observed  imaginary  cross- power  density  spectrum. 
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Fig.  6.  “Theoretical”  and  observed  power-density  spectrum  for  momentum  transport. 


imaginary  component  of  the  cross-spectrum  by  means 
of  (lib),  is  pictured  in  fig.  6  along  with  that  com¬ 
puted  directiy  from  (6).  The  real  part  of  the  cross¬ 
spectrum,  which  according  to  (lie)  should  be  zero 
everywhere,  is  shown  in  fig.  4c. 

Although  there  are  differences  in  amplitude,  there  is 
good  agreement  in  the  distribution  of  power  as  a  func¬ 
tion  of  frequency  between  the  “theoretical”  and 
“observed”  spectra  shown  in  figs.  5  and  6.  Fig.  4c 
points  to  a  deviation  of  the  data  from  (2),  however, 
since  the  real  part  of  the  cross-spectrum  contains 
noticeable  power  in  certain  frequency  bands.  The 
implications  of  this  departure  will  be  discussed  below. 

Phase  considerations. — It  is  of  interest  to  examine 
the  phase  differences  between  the  harmonic  compo¬ 
nents  in  M  and  those  of  the  same  frequency  in  r.  These 
phase  differences,  0  (<*>),  may  be  obtained  as  the  argu¬ 
ment  of  the  cross-spectrum  by  the  formula 


fi(co)  =  arctan 


Im 

Re  | 


(16) 


(see  Wadsworth  et  al  Ql]|).  For  the  frequency  bands 
in  which  (2)  is  satisfied,  8  should  take  on  the  value 
r/2. 

The  observed  phase  differences  are  plotted  in  fig.  7. 
The  values  at  the  high  and  low  ends  of  the  spectrum 
are  extremely  sensitive  to  error,  since  both  components 
of  the  cross-power  are  very  nearly  zero  in  these  regions 
(fig.  4c).  For  this  reason,  they  are  not  entered  on  the 
graph. 

The  phase  differences  are  seen  to  lie  in  the  general 
vicinity  of  w/2,  although  they  tend  toward  higher 


Fig.  7.  Phase-angle  difference  between  individual  harmonics  in 
M(t)  and  those  of  came  frequency  in  t{<). 


values  in  the  frequency  bands  in  which  the  cross¬ 
power  is  large.  There  is  no  clear  indication,  however, 
that  the  deviations  from  w/2  at  one  end  of  the  fre¬ 
quency  scale  are  selectively  greater  than  those  at  the 
other  end.  This  suggests  that  the  dynamics  governing 
the  entire  frequency  range  pictured  are  substantially 
the  same. 

The  tendency  for  the  values  of  the  phase  lag  to  be 
somewhat  greater  than  r/2  is  directly  related  to  the 
fact  that  the  real  part  of  the  cross-spectrum  is  not 
everywhere  zero.  If,  for  example,  there  were  no  power 
in  Re{d>rj*|  (which  would  be  the  case  if  4>,.v  were 
perfectly  odd),  it  follows  from  (16)  that  the  phase 
angles  would  be  exactly  r/2.  The  nature  of  this  de¬ 
parture  suggests  that  a  more  appropriate  governing 
equation  might  be 

dM/dt  -  kM  =  r  (17) 

(where  k  is  a  small  positive  constant) ;  for,  if  this 
equation  is  satisfied,  the  phase  differences  between 
harmonics  in  M  and  those  of  the  same  frequency  in  r 
must  be  greater  than  r/2  by  an  amount  which  depends 
on  k.  It  should  be  noted  that  the  departures  which  lead 
to  the  term  —  kM  are  small  and  may  be  peculiar  to  the 
particular  series  tested.  Furthermore,  there  is  no  obvi¬ 
ous  physical  connection  between  this  term  and  any  of 
the  factors  which  were  neglected  in  the  study.  For 
these  reasons,  caution  should  be  exercised  in  general¬ 
izing  this  result. 

While  the  validity  of  the  term  —  kM  may  be 
questionable  as  a  general  result,  the  gross  characteris¬ 
tics  of  figs.  5,  6  and  7  demonstrate  that  the  simple 
expression  (2)  is  the  dominant  relationship  governing 
the  data  over  the  entire  frequency  range  studied. 

6.  Some  remarks  on  the  role  of  friction 

Studies  of  the  angular-momentum  balance  in  con¬ 
nection  with  the  general  circulation  have  clearly 
demonstrated  the  important  influence  of  surface  fric¬ 
tion  on  global-scale  motions.  In  section  2,  we  have 
speculated  that  friction  piays  a  considerably  less  im¬ 
portant  role  in  cyclonic-scale  circulations  of  the  type 
considered  in  this  article.  To  obtain  more  concrete 
evidence  concerning  the  efficacy  of  friction,  an  effort 
was  made  to  test  whether  the  incorporation  of  the 
friction  term  in  (1)  helps  to  account  for  any  of  the 
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variance  of  the  momentum  change  not  otherwise  ac¬ 
counted  for  by  the  momentum  transport.  The  simplest 
assumption  regarding  surface  friction  was  made, 
namely,  that  it  is  proportional  to  the  surface  wind. 
With  use  of  geostrophic  wind  data  for  the  United 
States  region,  it  was  found  that  the  correlation  between 
(AAS)*-m  and  the  best  possible  linear  combination  of 
ft  it  u  with  surface  friction  shows  practically  no  im¬ 
provement  over  the  correlations  between 
and  alone  (table  l).*This  is  evidence  that,  in  a 

statistical  sense  at  least,  surface  friction  has  little  in¬ 
fluence  on  the  short-period  changes  of  the  vertically- 
integrated,  cyclonic-scale  motions. 

It  might  be  noted  that  in  studies  of  the  prediction  of 
the  zonal  index  with  use  of  angular  momentum  about 
the  earth's  axis  as  a  parameter  (Lorenz  £2];  Mintz 
and  Kao  £4]),  improvement  in  forecasting  was  ob¬ 
tained  by  incorporating  friction  even  though  this 
friction  was  taken  proportional  to  the  upper-level 
(500-mb)  wind  rather  than  the  surface  wind.  The 
basic  equation  for  these  studies  is  of  the  form 

dM'/dt  +  kM'  =  hr', 

where  the  primes  indicate  that  the  angular  momentum 
is  measured  relative  to  the  axis  of  the  earth,  and  k  and 
b  are  positive  constants.  In  the  present  study,  a  friction 
term  of  the  form  +kAl  would  certainly  not  appear  to 
be  valid,  since  an  effect  which  is  opposite  in  sign 
manifests  itself  in  the  data  as  shown  by  (17). 

7.  Conclusions 

The  empirical  study  has  demonstrated  the  high 
degree  to  which  the  observed  motions  of  the  atmosphere 
are  consistent  with  the  principle  of  conservation  of 
local  angular  momentum,  and  to  which  the  approxi¬ 
mate  equation  (2)  expresses  this  principle,  even  when 
information  at  the  500-mb  level  only  is  used.  Although 
the  spectral  analysis  has  pointed  to  possible  deficiencies 
of  the  approximations,  one  may  safely  conclude  that 
variations  of  the  local  angular  momentum  in  the 
regions  studied  can  be  accounted  for  primarily  by  the 
horizontal  transport  of  this  momentum  across  the 
boundaries  of  the  regions.  Furthermore,  no  selective 
effects  are  found  which  influence  one  scale  of  fluctu¬ 
ations  more  than  another.  The  results  indicate  also 
that  the  instantaneous  transport  of  local  angular  mo¬ 


mentum  is  of  value  as  a  predictor  of  the  12-hr  change 
of  local  momentum  in  the  regions. 
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NOTES 

Note  on  Simple  Assumptions  Regarding  the  Baroclinic  Structure 

of  the  Atmosphere 

By  BARRY  SALTZMAN,  Massachusetts  Institute  of  Technology1 
(Manuscript  received  November  ir,  19s*) 


1.  Background 

In  a  series  of  recent  articles  (Starr  1953, 
Lorenz  1953,  Pfeffer  and  Saltzman  1954) 
‘local’  angular  momentum  lias  been  used  as  a 
basic  physical  parameter  in  the  study  of 
atmospheric  flow.  In  the  last  of  these  references 
the  following  approximate  dynamical  equa¬ 
tion  was  shown  to  be  valid  for  regions  of  the 
atmosphere  free  of  mountain  barriers; 


(0 


where  t  is  time,  M  is  the  total  angular  mo¬ 
mentum  within  an  arbitrarily-located,  verti¬ 
cally-oriented,  fixed  cylindrical  volume  ex¬ 
tending  through  the  depth  of  the  atmosphere, 
measured  relative  to  the  axis  of  the  volume, 
and  r  is  the  horizontal  transport  of  this  ‘local’ 
momentum  across  the  fictitious  walls  of  the 
volume, 

Lorenz  (1953)  has  shown  that  local  mo¬ 
mentum,  M,  represents  a  space-weighted 
average  of  the  vorticity  in  a  given  region  of  the 

1  The  research  reported  in  this  paper  has  been  spon¬ 
sored  by  the  Geophysics  Research  Directorate,  Air  Force 
Cambridge  Research  Center,  under  Contract  No.  AF 
19(6041-1000. 
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atmosphere.  He  has  shown,  also,  that  it  is 
possible  to  make  a  distinction  between  dis¬ 
placement  and  intensification  processes  by 
resolving  the  local  momentum  transport,  T, 
into  barotropic  and  baroclinic  components, 
similar  to  the  conventional  resolution  of  the 
vorticity  advection.  In  more  concrete  terms  we 
may  write, 

Z n 

r~&R2 J  C^CgJO  (2 

0 

or, 

zn  m 

x^R*  Jc^-C^JQ+^  R'Jc+Cjdd,  (3) 

0  j 

where  p0  is  the  surface  pressure  (assumed 
uniform),  g  is  the  acceleration  of  gravity,  R.  is 
the  radius  of  the  cylindrical  volume,  Cy  and 
Cjt  are  the  tangential  (positive  counter-clock¬ 
wise)  and  radial  (positive  inward)  components 
of  the  wind  velocity  respectively,  6  is  the  polar 
coordinate,  the  bar  denotes  a  vertical  average 
throughout  the  atmosphere  with  respect  to 
pressure,  and  the  primes  denote  a  departure 
from  this  average.  In  (3J  the  first  integral 
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represents  the  barotropic  component  of  t, 
while  die  second  integral  gives  the  baroclinic 
contribution  resulting  from  the  vertical  varia¬ 
tion  of  the  horizontal  wind  field. 

It  is  the  purpose  of  tins  note  to  report  some 
observed  short-comings  of  the  evaluation  of 
the  baroclinic  term  of  (3)  by  means  of  an 
assumption  regarding  the  vertical  variation  of 
the  wind,  as  compared  with  a  “three-dimen¬ 
sional"  evaluation  of  the  baroclinic  contribu¬ 
tion  by  means  of  data  at  five  levels  of  the 
atmosphere.  These  results  may  have  some 
bearing  on  numerical  prediction  attempts 
which  aim  to  capture  the  effects  of  baroclinirity 
by  similar  assumptions. 

2.  Procedure 

In  the  previous  study  (Pfeffee  and  Saltz- 
man,  1954)  the  integral  (2}  was  evaluated 
directly  on  a  daily  basis,  using  geostrophie 
winds,  for  the  two-month  period  January — 
February,  1949,  for  a  cylindrical  volume 
located  oyer  the  North  Atlantic  Ocean.  Date 
at  die  surface  and  the  70 0,  500,  300,  and  100 
mb  levels  were  employed-  The  300,  and  100 
mb  charts  were  kindly  loaned  by  the  U.C.L.A. 
General  Circulation  Project  and  are  believed 
to  be  one  of  the  best  series  of  maps  available 
at  these  levels.  In  addition,  the  barotropic  part 
of  (3)  was  evaluated  for  the  same  region  and 
period,  with  500  mb  taken  as  the  level  of  the 
mean  wind. 

As  an  extension  of  this  study  it  was  decided  to 
test  whether  sufficiently  accurate  estimates  of 
t  could  be  obtained  by  using  an  assumed  wind 
profile  to  measure  the  baroclinic  term  of  (3). 
Specifically,  it  was  assumed  that  the  tangential 
and  radial  components  of  the  wind  vary  line¬ 
arly  with  pressure,  the  rate  of  variation  (or 
thermal  wind  per  unit  pressure  difference)  in 
the  troposphere  being  determined  by  the  700 
— 300  mb  thickness  in  accordance  with  the 
geostrophie  principle.  Although  it  does  not 
affect  the  results  appreciably,  for  greater  realism 
the  wind  was  assumed  to  decrease  above  the 
200  mb  level  in  a  simple  linear  fashion.  These 
arc  similar  to  the  assumptions  used  in  the  so- 
called  2l/jf~dimensional  numerical  prediction 
models. 

By  subtracting  the  barotropic  component 
from  the  "three-dimensional”  momentum 
transport  it  is  possible  to  obtain  a  measure  of 


the  daily  baroclinic  contributions.  It  would  be 
hoped  that  the  baroclinic  term  computed  on 
the  basis  of  the  assumed  vertical  variation  of 
the  wind  compares  favorably  with  these  values. 
As  it  turns  out,  however,  the  correlation  coeffi¬ 
cient  between  these  two  quantities  for  the  two- 
month  period  is  disappointingly  small  {  +  .20) 
and  the  root  mean  square  deviation  is  of 
precisely  the  same  magnitude  as  the  baroclinic 
term  itself.  It  is  recognized  that  these  results 
may,  in  part,  be  attributed  to  inaccuracies  in 
the  estimation  of  the  barotropic  term  using 
500  mb  data.  It  is  most  likely,  however,  that 
the  results  are  mainly  a  consequence  of  the 
crudeness  of  the  representation  of  the  vertical 
variation  of  the  momentum  transport  through 
the  use  of  the  assumed  wind  profile. 

One  may  further  inquire  as  to  whether  there 
is  an  improvement  in  the  verification  of  the 
dynamical  relationship  (1)  as  a  result  of  using 
the  values  of  r  based  on  data  at  five  levels  of 
the  atmosphere  rather  than  the  values  based  on 
the  assumed  wind  profile.  Verification  of  (1) 
may  be  measured  by  the  correlation  coefficient 
between  the  change  of  local  momentum  over 
24  hours  and  the  time-integrated  momentum 
transport  over  the  same  period.  As  noted  in 
reference  2,  estimates  of  this  time-integrated 
momentum  transport  over  24  hours,  obtained 
by  summing  the  values  of  t  at  the  beginning 
and  end  of  the  period,  arc  far  less  satisfactory 
than  those  obtained  when  the  intermediate 
(12-hourly)  information  is  incorporated.  Un¬ 
fortunately,  in  the  present  case  only  24-hourly 
data  were  available  at  upper  levels  for  the 
“three-dimensional”  measurement  of  the  mo¬ 
mentum  transport  and,  for  comparison  pur¬ 
poses,  it  was  necessary  to  use  24-hourly  date 
in  the  case  of  the  barotropic  and  “z1/*" 
dimensional”  quantities  also.  Consequently, 
the  correlation  coefficients  presented  in  Table  1 
arc  all  rather  low  and  can  be  taken  only  as  a 
very  crude  indication  of  the  true  relative 
differences  in  the  verification  of  the  three 
models1.  Subject  to  this  reservation,  these 
coefficients  suggest  that  the  improvement  ob¬ 
tained  over  the  barotropic  model  by  the 


1  When  ia-hourly  information  is  included  in  estimate* 
24 

of  f  T  dt  the  +  .  29  correlation  coefficient  for  the 
J 
o 

barotropic  caje  become*  +  .70  (see  reference  2). 
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“2  ‘/j-^Umensionar’  model  is  small  compared 
with  the  improvement  obtained  when  baro- 
climc  effects  are  taken  into  account  in  a  more 
elaborate  manner  by  means  of  multi-level 
computations. 

Table  i.  Correlation  coefficient*  between  the  time- 
integrated  transport  of  local  momentum 
and  the  timultaneout  change  of  local  mo¬ 
mentum  over  a  24-hour  period,  a  ting  data 
at  34-boar  interval?.  Number  of  pair*:  $8, 


bat  o tropic .  -i-  .29 

“2  % -dimensional"  baroclinic. ...  +  .32 
“3 -dimensional"  baroclinic .....  +  .54 


As  would  be  expected,  it  is  observed  that 
the  greatest  improvement  over  the  barotropic 
verification  occurs  on  specific  days  when  the 
baroclinic  component  of  the  local  momentum 
transport  is  large.  On  these  same  days  it  is 
often  found  that  the  baroclinic  term  computed 
by  means  of  the  assumption  fails  to  give  an 
adequate  measure  of  this  baroclinicity. 


These  findings  are,  of  course,  of  a  limited 
nature  and  cannot  be  regarded  as  a  conclusive 
test  of  the  "2 1/4-dimcnsional”  assumption. 
Strictly  speaking,  the  results  apply  to  a  model 
which  has  angular  momentum  rather  than 
vortirity  as  the  primary  physical  parameter. 
The  results  may  be  of  some  general  interest, 
however,  in  that  they  suggest  possible  dif¬ 
ficulties  in  obtaining  significant  improvement 
over  barotropic  numerical  forecasting  proce¬ 
dures  by  incorporating  simple  assumptions 
regarding  die  baroclinic  structure  of  the 
atmosphere. 
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CONCERNING  THE  MECHANICS  OF  HURRICANES 
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ABSTRACT 

The  balance  of  angular  momentum  in  the  mature  hurricane  is  examined  quantitatively.  It  is  found 
that  the  cyclonic  angular  momentum  which  ultimately  appears  in  the  hurricane  is  first  introduced  into 
the  atmosphere  within  the  circulation  around  each  of  the  neighboring  high-pressure  cells.  From  here  it  is 
transferred  into  the  cyclonic  core  of  the  hurricane  through  the  agency  of 1  ’ horizon tal-eddy ’ '  processes,  which 
are  characterized  by  mam  exchanges  in  korisenial  planes.  Such  mass  exchanges  are  identified  with  the  so- 
called  “Rossby  regime”  of  convection.  Within  the  cyclonic  core  of  the  hurricane,  the  angular  momentum  is 
transported  inward  through  the  agency  of  '‘vertical-eddy”  processes,  which  are  characterized  by  mass 
exchanges  in  veriiatf  planes  passing  through  the  axis  of  rotation  of  the  hurricane.  Such  mass  exchanges  are 
identified  with  the  “Hadley  regime”.  The  hurricane  thus  possesses  characteristics  of  two  distinctly  different 
regimes  of  convection. 


1.  Introduction 

When  a  fluid  contained  in  a  rotating  cylindrical 
vessel  is  heated  differentially  in  an  axially  sym¬ 
metrical  fashion,  and  allowed  to  reach  a  state  in  which 
the  statistical  properties  of  the  motion  are  quasi¬ 
steady,  it  is  observed  that  one  portion  of  the  fluid 
generally  rotates  faster,  and  another  portion  slower, 
than  the  vessel.  In  the  slower-moving  portion  the 
vessel  tends  to  drag  the  fluid  along,  and  hence  to 
transfer  angular  momentum  to  it.  In  the  faster  moving 
portion  the  vessel  tends  to  retard  the  fluid,  and  hence 
to  remove  angular  momentum  from  it.  In  the  quasi¬ 
steady  state  there  must,  therefore,  be  a  transport  of 
angular  momentum  from  the  slower  to  the  faster- 
moving  portion  in  order  to  maintain  this  state  of 
affairs.  It  has  been  found,  largely  as  a  result  of  the 
theoretical  work  of  Kuo  (1953;  1954;  1955;  1956a; 
1956b)  and  Lorenz  (1954),  and  the  experimental 
results  of  Fultz  (1953)  and  Hide  (1953),  that  for 
different  rates  of  rotation  and  intensities  of  heating, 
different  physical  processes  accomplish  the  required 
transport  of  angular  momentum.  That  this  result  has 
important  implications  in  regard  to  the  dynamics  of 
rotating  systems  in  the  earth's  atmosphere  has  al¬ 
ready  been  demonstrated  in  the  case  of  the  global 
wind  circulation.  Investigations  of  the  balance  of 
angular  momentum  about  the  earth's  polar  axis  and 
the  balance  of  energy  on  a  hemispheric  scale  (see  for 
example  Starr  and  White,  1954,  and  references  therein) 
have  shown  that  the  general  circulation  of  the  atmos¬ 
phere  resembles  the  convective  regime  which  develops 

1  Present  affiliation :  Geophysics  Research  Directorate. 

*  This  material  was  presented  at  the  Cambridge  Seminar  of 
the  American  Meteorological  Society  on  7  November  1955  (see 
Metier,  1955),  and  as  Scientific  Report  No.  4  of  the  M.i.T.  Gen¬ 
eral  Circe  lition  Project,  May  1956. 


in  the  model  experiments  under  conditions  of  high 
rotation  and  weak  heating. 

Although  the  model  analogue  may  not  be  as  good 
in  the  case  of  other  rotating  systems  in  the  atmosphere, 
such  as  the  hurricane  and  the  extratropical  cyclone, 
it  may  still  be  possible  on  the  basis  of  similar  studies 
to  identify  these  systems  with  specific  convective 
regimes  of  .the  rotating  model  experiments,  the  dy¬ 
namics  which  can  be  studied  under  controlled  condi¬ 
tions.  It  is  the  purpose  of  the  present  article  to  make 
a  beginning  in  this  direction  in  the  case  of  the  hurri¬ 
cane  through  an  examination  of  the  way  in  which  the 
motions  of  the  atmosphere  are  organized  to  transfer 
angular  momentum  between  the  mature  hurricane 
and  its  surroundings. 

2.  Wind  structure  of  the  mature  hurricane  and  angular 
momentum  considerations 

For  the  purposes  of  the  present  discussion  we  shall 
take  as  a  frame  of  reference  a  system  of  spherical 
coordinates  (r,  A<£,  8)  with  origin  at  the  center  of  the 
earth,  where  r  is  linear  distance  from  the  origin 
measured  along  a  vertical  axis  which  coincides  ap¬ 
proximately  with  the  axis  of  rotation  of  a  hurricane, 
A$  is  angular  distance  from  this  axis  and  8  is  azimuth 
measured  positive  in  the  counterclockwise  sense.  As 
shown  in  fig.  1,  a  constant  value  of  A <t>  defines  a 
conical  wall.  In  the  fig.,  a  is  the  radius  of  the  earth, 
R  ms  r  sin  A<f>  is  linear  distance  from  the  axis,*  5  is 
area  measured  along  the  conical  wall  and  is  the 
latitude  of  the  axis.  The  following  definitions  will  also 
be  of  use  in  the  present  study:  s*  (1/2 r)^Qdd, 

Q  -=*  (l/P.)f«p'QdP-,Q' m  Q  -  [<?]  and  Q"  a  Q  -  Q, 

1  Since  the  atmosphere  is  extremely  shallow,  R  is  sensibly 
constant  with  altitude  within  the  -Unosphere  and  may  be  taken 
equal  to  a  sin  A?  for  practical  purposes. 
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Fig.  1.  Schematic  picture  of  coordinate  system  and 
conical  wall  A$>  =»  constant. 


where  P  is  pressure  (employed  in  place  of  r  as  the 
vertical  coordinate),  p,  is  surface  pressure  and  Q  may 
be  any  quantity.  The  square  brackets  and  bar  thus 
denote  averages  with  respect  to  0  and  P  along  the 
conical  wall,  and  the  single  and  double  primes  denote 
deviations  from  these  averages,  respectively.  Ct  and 
Cs  will  be  taken  as  the  horizontal  components  of  the 
wind  velocity  tangent  (positive  counterclockwise)  and 
normal  (positive  inward)  to  the  conical  walls  A4> 
—  constant. 

Figs.  2  and  3,  based  on  composite  wind  charts 
prepared  by  Jordan  (19S2)  and  Hughes  (1952),  give 
the  spacial  distribution  of  [CvJ  and  [CrD,  respectively, 
in  the  mature  hurricane.  Fig.  2  shows  that  the  azi- 
muthally-averaged  normal  velocity  is  directed  inward 
throughout  most  of  the  troposphere,  and  outward  at 
higher  levels.  Between  the  primary  maximum  of  inflow 
near  sea  level  and  the  secondary  maximum  around 
18,000  ft  there  is  a  layer  of  minimum  inflow.  Accord¬ 
ing  to  Simpson  (1954),  the  moisture  distribution  in 


i 


Fig.  2.  Distribution  of  CCWJ  in  the  mature  hurricane,  based  on  the  composite  wind  charts  of  Jordan  and  Hughes.  1  unit 

sec-1.  Shading  denotes  negative  values  outflow). 


1  m 


mb  ft 


Fig,  3.  Distribution  of  £Crl  in  the  mature  hurricane,  based  on  the  composite  ’rind  charts  of  Jordan  and  Hughes.  1  unit  *>  1  tn 

sec-1.  Shading  denotes  negative  values  anticyclonic  winds). 
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the  hurricane  displays  a  similar  character,  in  that  it 
consists  of  alternating  layers  of  cloud  and  dry  air. 

Fig.  3  shows  that  an  extensive  body  of  air  undergoes 
cyclonic  rotation  about  a  vertical  axis  located  in  the 
vicinity  of  the  eye  of  the  hurricane.  Both  the  intensity 
and  the  radial  extent  of  this  rotation  are  greatest 
near  sea  level  and  diminish  with  height.4  With  this 
type  of  wind  structure  a  comparatively  large  surface 
area  of  the  cyclonic  wind  core  of  the  hurricane  is 
exposed  to  frictional  effects  at  the  lower  surface.  As  a 
result,  the  earth  must  exert  a  large  clockwise  torque 
on  the  atmosphere,  and  there  must  be  a  fairly  intense 
flux  of  angular  momentum  from  the  atmosphere  into 
the  earth  within  the  ilmits  of  the  sea-level  cyclonic 
winds.  An  estimate  of  this  drain  based  on  Hughes’ 
data  for  10Q0  ft  indicates  that  it  is  sufficient  to  reduce 
the  cyclonic  angular  momentum  of  the  hurricane  to 
zero  within  48  hr. 

It  is  probably  safe  to  say  that  there  is  no  progressive 
transfer  of  angular  momentum  from  the  atmosphere 
into  the  earth.  Since  there  is  a  frictional  loss  of 
angular  momentum  within  the  cyclonic  core,  there 
must,  therefore,  be  a  supply  at  some  other  place, 
time,  or  both.  This  can  take  place  only  where  the 
surface  winds  possess  an  anti  cyclonic  component  about 
the  hurricane  axis.  Synoptic  evidence  suggests  that  the 
required  anticyclonic  component  is  to  be  found  in 
those  portions  of  the  neighboring  high  pressure  cells 
which  He  farthest  from  the  hurricane,  as  shown  sche¬ 
matically  in  fig.  4.  At  such  great  distances  the  magni¬ 
tude  of  the  surface  wind  velocity  does  not  have  to  be 
very  great  in  order  to  bring  about  the  necessary 
transfer  of  angular  momentum  into  the  atmosphere. 

To  complete  the  cycle,  angular  momentum  must  be 
carried  from  the  region  in  which  it  is  introduced  into 
the  atmosphere  to  the  cyclonic  core  of  the  hurricane, 
where  it  is  removed  through  surface  friction.  For  the 
average  mature  hurricane  the  mean  angular  momen¬ 
tum  flux  into  the  cyclonic  core  should  be  roughly 
equal  to  the  mean  rate  of  removal  of  angular  momen¬ 
tum  by  surface  friction. 

It  should  be  remarked  that  not  all  of  the  angular 
momentum  which  is  introduced  into  the  atmosphere 
within  the  anticyclonic  circulations  must  be  carried 
into  the  hurricane.  Undoubtedly,  a  portion  is  trans¬ 
ported  into  the  surrounding  atmosphere.  The  fact 
that  such  exchanges  with  the  environment  do  take 
place  makes  it  invalid  to  treat  the  hurricane  as  a 
closed  system. 

*  Another  feature  of  the  flow  pattern  which,  however,  is  not 
revealed  in  fig.  3,  since  it  represents  a  departure  of  the  wind  field 
from  axial  symmetry,  is  the  fact  that  the  tangential  component 
of  the  wind  is  systematically  greater  to  the  right  of  the  path  of 
motion  of  the  hurricane  (looking  downstream)  than  to  the  left. 
It  is  shown  elsewhere  (f’feffer,  1957)  that  this  feature  plays  an 
important  role  in  the  motion  of  the  hurricane. 


3.  Transport  of  angular  momentum 

We  next  investigate  the  way  in  which  the  motions 
of  the  atmosphere  are  organized  to  transport  angular 
momentum  into  the  hurricane.  The  flux  of  angular 
momentum  across  a  fixed  conical  wall  such  as  that 
shown  in  fig.  1  may  be  expressed  in  the  form, 

r  2  rRpt 

I  pMCttdS  = - — ■ 

Ja  g 

x  {[Sqm  +•  iMTiCsT + Wc7i\ ,  (i) 

where  M  is  the  absolute  angular  momentum  per  unit 
mass  about  the  axis  of  the  cone,  p  is  density,  and  g  is 
the  acceleration  of  gravity.  In  (1)  it  is  tacitly  assumed 
that  the  density  variation  along  the  wall  at  each  level 
is  negligible. 

The  first  term  on  the  right  represents  the  contribu¬ 
tion  due  to  a  net  mass  flux  across  the  wall,  while  the 
last  two  terms  represent  contributions  associated  with 
mass  exchanges  between  the  volume  and  the  surround¬ 
ings.  Except  in  those  rare  instances  when  the  total 
absolute  angular  momentum  of  the  atmosphere  within 
the  conical  volume  is  negative,  the  first  term  is  always 
of  the  wrong  sign  to  account  for  the  observed  behavior 
of  the  atmosphere.  For  example,  it  gives  a  positive 
contribution  when  mass  accumulates  within  the 
volume.  Observations  show,  however,  that  "filling” 
is  accompanied  by  a  decrease  in  the  intensity  of 
cyclonic  rotation.  Furthermore,  plausible  estimates, 
based  on  the  magnitude  of  surface  pressure  changes, 
indicate  that  this  term  is  at  least  one  order  of  magni¬ 
tude  smaller  than  the  others.4  Thus,  significant  net 
transports  of  angular  momentum  are  accomplished 
only  through  the  agency  of  processes  which  involve 
mass  exchanges  with  the  surroundings. 

The  second  term  depends  on  the  covariance  of  [_M J 
and  [C,v]  in  the  vertical  direction.  It  will  give  a  positive 
contribution  when  there  is  a  net  mass  inflow  at  those 
levels  at  which  the  azimuthal-mean  angular  momen¬ 
tum  is  large,  and  outflow  at  those  levels  at  which  it  is 
small.  This  process  will  hereafter  be  called  the 
“vertical-eddy”  transport.  The  term  “eddy,”  as  used 
here,  is  not  meant  to  imply  the  size  of  the  circulation. 
Any  circulation,  no  matter  how  large,  which  affects 
an  exchange  of  mass  will  be  regarded  as  an  eddy. 

The  last  term  depends  on  the  covariance  of  M  and 
Cn  in  the  horizontal  direction  along  the  conical  wall. 
It  will  give  a  positive  contribution  when,  at  each  level , 
the  angular  momentum  is  greater  at  inflow  points 
than  it  is  at  outflow  points.  This  term  will  be  called 
tiie  “horizontal-eddy"  transport. 

‘  The  form  of  this;  term  is  such,  however,  that  when  it  is  evalu¬ 
ated  from  wind  data  it  may  assume  large  spurious  values  due  to 
the  inadequacies  of  the  data. 
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The  absolute  angular  momentum  per  unit  mass 
may  be  resolved  into  the  sum  of  two  components,  one 
associated  with  the  motion  of  the  atmosphere  relative 
to  the  surface  of  the  earth,  Mr  =  RCt,  and  the  other 
associated  with  the  rotation  of  the  atmosphere  with 
the  earth,  M a  ss  if’co  sin  <pc,  where  w  is  the  angular 
velocity  of  the  earth.  Large  transports  of  Mu  may  be 
effected  at  individual  levels  by  vertical-eddy  processes, 
and  at  individual  points  at  a  given  elevation  by  hori¬ 
zontal-eddy  processes.  But,  these  must  be  compen¬ 
sated  by  oppositely  directed  transports  at  other  levels 
and  points,  since  Mu  is  sensibly  constant  along  the 
conical  wall.  Consequently,  no  significant  net  trans¬ 
ports  of  Mu  take  place  through  mass  exchange  proc¬ 
esses.  Accordingly,  (1)  may  be  rewritten  in  the  form, 

J*  2*R}P, _ _  _ 

pMCtidS  ~ - iCCVT'TCfO"  +  IGrTVjj.  (2) 

s  g 

As  noted  by  Starr  (1953),  the  last  term  in  this  expres¬ 
sion  is  related  to  cer  tin  asymmetries  in  the  horizontal 
streamline  pattern. 

4.  Bata  and  computational  procedure 

If  a  dense  network  of  simultaneous  wind  observa¬ 
tions  in  individual  hurricanes  were  available,  it  would 
be  a  simple  matter  to  evaluate  the  integrals  in  (2) 
and  thereby  to  determine  what  role  each  of  the  eddy 
processes  plays  in  the  hurricane  mechanism.  Present 
day  data  coverage  at  upper  levels  in  hurricanes  is, 
however,  inadequate  for  such  purposes.  As  a  result, 
we  shall  have  to  rely  on  the  composite  wind  charts  of 
Jordan  and  Hughes  as  the  source  of  data  for  the 
present  quantitative  study.  Since  these  charts  are  in 
the  nature  of  ensemble  averages  of  the  velocity  field 
taken  over  a  large  number  of  hurricanes  they  cannot, 
however,  be  expected  to  contain  all  of  the  information 
that  might  be  present  on  synoptic  charts  which  are 
based  on  simultaneous  wind  observations.  In  particu¬ 
lar,  features  which  may  be  common  to  all  hurricanes, 
but  which  do  not  have  a  preferred  location  within  the 
hurricane,  tend  to  become  obscured  due  to  the 
averaging.  This  limitation  in  the  data  should  be  kept 
in  mind  when  interpreting  the  results  of  the  present 
study. 

The  composite  wind  charts  were  used  to  evaluate 
the  horizontal  and  vertical-eddy  transports  of  angular 
momentum  across  the  vertical  walls  &4>  —  2°,  3°,  4°, 
5°  and  6°.  No  attempt  was  made  to  adjust  the  data 
for  mass  continuity  since  it  was  felt  desirable  to  make 
the  observational  study  as  objective  as  possible.  In 
this  connection,  it  should  be  noted  that  the  measured 
value  of  each  of  the  eddy  terms  is  not  sensitive  to 
violations  in  mass  continuity.  The  horizontal  averages 
were  computed  as  linear  means  of  the  values  at  12 


equally-spaced  grid  points  along  each  of  the  walls  at 
1000  ft,  and  at  8  equally-spaced  points  along  each  of 
the  walls  at  the  higher  levels.  In  the  evaluation  of  the 
vertical  averages,  the  data  at  1000,  4000,  7000, 
10,000,  18,000,  30,000,  40,000  and  45,000  ft  were  con¬ 
sidered  to  apply  over  the  pressure  intervals  1000  to 
920,  920  to  825,  82S  to  740,  740  to  600,  600  to  400, 
400  to  250,  2 50  to  175  and  175  to  125  mb,  respectively. 
Since  the  1000-ft  data  do  not  extend  to  a  distance  of 
6°  lat  from  the  hurricane  center,  the  contribution  at 
this  level  to  the  vertical-eddy  transport  of  angular 
momentum  across  A4>  =  6°  was  estimated  from 
extrapolated  values  of  FCY]  and  £ Cn~}  taken  from  figs. 
2  and  3.  Furthermore,  since  the  term  [C'rC'.vl  cannot 
be  estimated  by  such  extrapolations,  the  contribution 
of  the  lowest  layer  was  omitted  in  the  computation  of 
the  horizontal-eddy  transport  across  A4  —  6°.  It  is 
felt  that  this  omission  is  not  serious. 

In  order  to  determine  the  extent  to  which  the 
estimated  angular  momentum  transport  satisfies  the 
frictional  requirements,  measures  of  the  rate  at  which 
angular  momentum  is  removed  by  friction  were  com¬ 
puted  from  the  formula, 

f** 

?RDd  V  =*  -  2rPaK  I  iP[  j  C I  Crloa  d(A4>),  (3) 

Jo 

where  D  is  the  tangential  component  of  the  viscous 
force  per  unit  mass,  |Cj  is  the  wind  speed,  K  is  the 
skin  friction  coefficient  and  the  subscript  zero  refers 
to  the  values  measured  at  1000  ft.  The  value 
K  ~  0.0015,  chosen  by  Hughes  as  a  representative 
value  for  the  friction  coefficient  at  1000  ft,  was  used 
in  the  present  study;  pa  was  taken  as  1.1903  X  10~* 
gm  cm-4  and  the  integral  [C[Cr]a«  d(A4>)  was 

evaluated  by  means  of  the  trapezoidal  rule  using 
values  of  £  |  Cj  Crjs measured  at  —  0.5°,  1°,  1.5°,  2°, 
3°,  4°  and  5°;  at  A<t>  =  6°  the  extrapolated  value  of 
CCtJo*  was  used  in  place  of  [  |  C  j  CrJ*. 

5.  Results 

The  results  of  the  present  computations  are  pre¬ 
sented  in  table  1.  Comparison  of  the  values  in  the 
last  two  columns  shows  that,  within  the  limits  of 


Table  1.  Estimate*  of  the  angular  momentum  transport  and 
frictional  drain  based  on  the  composite  wind  charts. 

I  unit  “  10**  gm  cm1  sec-*. 


A# 

Horiiontal- 

eddy 

transport 

Vertical- 

eddy 

trmoapcrt 

Total 

eddy 

transport 

Frictional 

drain 

2° 

-10.2 

+  3.5 

+  3.7 

+  3.1 

3° 

+0.8 

+  6.9 

+  7,7 

+  6.8 

4° 

+2.9 

+  10.1 

+  13.1 

+  11.6 

5° 

+3.7 

+10.3 

+  14.1 

+  17.6 

6C 

+6.9 

+  9.0 

+  15.8 

+  23.9 
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accuracy  of  the  measurements,  the  present  estimates 
of  the  angular  momentum  transport  satisfy  the 
estimated  frictional  requirements.  Owing  to  the  un¬ 
certainties  involved  in  the  measurement  of  friction, 
this  agreement  does  not,  however,  rule  out  the  possi¬ 
bility  that  features  which  do  not  show  up  on  the 
composite  wind  charts  also  transport  significant 
amounts  of  angular  momentum.  Such  transports  may, 
in  fact,  account  for  the  larger  discrepancies  at  A$  =  5° 
and  A+  =  6°. 

Turning  to  the  first  two  columns  wc  find  that  at 
small  values  of  A<t>  the  total  transport  of  angular 
momentum  is  accomplished  almost  entirely  by  vertical 
eddies.  This  is  in  agreement  with  generally  accepted 
ideas  concerning  the  hurricane  mechanism.  With  in¬ 
creasing  distance  from  the  center  of  the  hurricane, 
however,  the  horizontal-eddy  transport  takes  on 
greater  and  greater  relative  importance.  This  process 
continues  to  increase  in  magnitude  out  to  the  limit  of 
the  data,  whereas  the  vertical-eddy  transport  appears 
to  reach  a  peak  somewhere  in  the  range  4°  <  A<t>  <  5° 
and  then  decrease.  At  A 4  =  6°  the  difference  in 
magnitude  between  the  two  eddy  processes  is  no 
longer  very  great.  Thus,  horizontal  eddies,  which 
transport  only  small  amounts  of  angular  momentum 
into  the  hurricane  at  small  values  of  A<t>,  seem  to  play 
a  significant  role  in  the  transport  process  at  greater 
distances  from  the  hurricane  center. 

6  Hurricane  Connie,  1955 

The  writer  has  examined  data  from  several  recent 
hurricanes  in  an  effort  to  find  more  direct  evidence 
relating  to  the  relative  importance  of  the  two  eddy 
processes  at  various  distances  from  the  center  of  the 
hurricane.  Although  wind  observations  at  upper  levels 
in  individual  hurricanes  are  loo  few  to  permit  their 
use  in  quantitative  studies,  sea-level  data  coverage  is 
sometimes  adequate  for  such  purposes.  This  was  the 
case  in  hurricane  Connie  on  9  August,  1955,  at  1830 
GCT.  It  was  decided,  therefore,  to  utilize  these  data 
to  investigate  further  into  the  nature  of  the  angular 
momentum  transport  in  the  hurricane. 

The  transport  of  angular  momentum  per  unit  mass 
at  a  single  level,  say  sea  level,  may  be  expressed  in  the 
form, 

CrCnR’de  =  2r^CCr].[C/r]. 

+  2wR'tCT'CN'J.  =  t  +  s',  (4) 


where  the  subscript,  j,  signifies  that  the  quantity  is 
measured  at  sea  level.  Here  x  ■  rep¬ 

resents  that  fraction  of  the  sen-level  trans|>nrt  which 
is  associated  with  a  net  mass  flux  at  that  level,  anil 
s'  m  IrU’fCr'C*'],  represents  the  sea-lcvcl  contribu¬ 
tion  to  the  horizon tal-eddy  transport.  The  integral, 
9  can  be  resolved  further  into  the  sum  of  three  com¬ 
ponents,  namely 

r,  ■  2tRXCtVZW.  rt  m  2^-[c7j[C.vl," 
and 

r,  S  2W?’([Cr]  +  [Cr].")[Gv]. 

n  measures  the  sea-level  contribution  to  the  vertical- 
eddy  transport;  t*  measures  that  portion  of  the  sea- 
level  transport  which  is  compensated  at  other  levels 
due  to  an  oppositely  directed  mass  flux  at  those  levels; 
and  tj  measures  the  contribution  to  the  sea-level 
transport  due  to  an  accumulation  of  mass  in  the 
volume. 

In  order  to  determine  the  relative  importance  of 
vertical  and  horizontal-eddy  processes  at  sea  level  we 
should  compare  the  magnitude  of  n  with  ■*'.  With 
the  use  of  data  at  a  single  level,  however,  only  x  and 
x'  can  be  evaluated,  whereas  n,  r*  and  t,  cannot.  In 
practice,  therefore,  we  must  find  an  alternate  method 
of  obtaining  the  desired  information.  One  such  method 
consists  in  reducing  the  relationship  between  rt  and  x 
to  a  more  direct  one,  and  then  comparing  the  latter 
with  This  may  be  accomplished  with  the  aid  of  the 
following  considerations: 

In  the  first  place,  it  may  be  noted  that  riie  integral 
r»  is  negligible  in  comparison  with  r«  and  n,  since  it 
depends  on  a  net  mass  flux  into  the  volume.  This 
component  could,  however,  give  an  erroneous  con¬ 
tribution  to  t  if  incomplete  or  inaccurate  data  are 
used  i  •  evaluate  x.  Since  data  coverage  in  hurricane 
Connie  was  quite  good,  however,  we  shall  assume  that 
the  errors  are  small,  and  regard  the  measured  value  of 
x  as  being  given  by  the  sum  of  n  and  n  only. 

According  to  fig.  3,  the  distribution  of  [Tr]  in  the 
mature  hurricane  is  such  that  [Cr]."  and  [Cr]  (and 
therefore  n  and  tj)  are  of  the  same  sign  within  a 
substantial  distance  from  the  center  of  the  hurricane. 
Thus,  x  must  be  of  the  same  s:gn  as  ri  and  greater  in 
magnitude  than  it.  This  relationship  will  enable  us  to 
gain  information  about  the  comparison  between  t i 
and  x'  by  comparing,  instead,  x  and  x'.  The  latter 
comparison  is  made  in  table  2.  On  the  basis  of  the 


Table  2.  Companion  of  9  and  x’  in  hurricane  Connie.  1  unit  -  10“  cm4  sec"*. 
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results  the  following  statements  may  be  made:  1. 
Within  a  few  hundred  kilometers  from  the  center  of  the 
hurricane,  at  sea  level,  vertical  eddy  processes  are  of  the 
correct  sign  to  account  for  the  inward  transport  of 
angular  momentum ,  whereas  horizontal-eddy  processes 
are  of  the  wrong  sign.  2.  Beyond  a  certain  point,  the 
horizontal-eddy  processes  increase  consistently  with 
distance  from  the  hurricane  center,  and  finally  become 
the  primary  agency  for  the,  inward  flux  of  angular 
momentum. 

The  distances  over  which  the  above  statements 
apply  are  evidently  greater  in  the  case  of  the  sea-level 
quantities  in  table  2  than  they  are  in  the  case  of  the 
vertically  integrated  quantities  in  table  1.  This  is 
consistent  with  the  fact  that  cyclonic  winds  at  sea- 
level  extend  over  a  greater  distance  than  does  the 
vertically  integrated  cyclonic  core  of  the  hurricane. 

Fig.  5,  which  shows  the  surface  streamline  chart  for 
hurricane  Connie,  reveals  the  synoptic  features  which 
are  responsible  for  the  observed  horizontal  and 
vertical-eddy  transports  of  angular  momentum.  In 
this  figure  the  circle  represents  the  intersection  of  the 
vertical  wall  A<£  =  12°  with  the  ground.  Within 
about  8°  lat  from  the  center  the  hurricane  is  charac¬ 
terized  by  an  extensive  cyclonic  circulation  with  a  net 
radial  inward  component  of  motion  near  the  surface. 
This  inward  spiraling  air  constitutes  the  lover  branch 
of  the  vertical-eddy  circulation.  In  the  region  sur¬ 
rounding  this  circulation,  the  character  of  the  flow  is 
very  different,  however.  Here  the  exchange  of  mass 
between  the  hurricane  and  its  surroundings  takes 
place  predominantly  in  the  horizontal  plane.  The 
main  synoptic  features  which  effect  this  exchange  in 
the  present  case  are  two  1 anticyclones — one 
cento,  a,  the  vicinity  of  Portland,  Maine  and  the 
other  in  the  mid-Atlantic  Ocean — and  a  minor  anti- 
cyclonic  cell  located  near  Chattanooga,  Tennessee. 
The  significant  characteristic  of  these  anticycionic 
circulations  is  their  orientation  with  respect  to  con¬ 
centric  circles  about  the  center  of  the  hurricane.  As  a 
result  of  the  “tilt”  of  these  systems,  mass  which  enters 
the  hurricane  at  sea  level  carries  with  it  a  greater 
quantity  of  absolute  angular  momentum  than  mass 
which  leaves  the  hurricane  at  the  same  level.  It  can  1m: 
seen,  for  example,  that  air  entering  the  circle  from  the 
east  and  southeast  possesses  a  cyclonic  component 
about  the  hurricane  axis,  while  air  leaving  in  the  west 
possesses  an  anticycionic  component  about  the  axis. 
In  this  way  cyclonic  angular  momentum  is  transported 
into  the  circle. 

7.  Discussion 

The  results  of  the  present  investigation  serve  to 
indicate  the  nature  of  some  of  the  important  links  in 


Fiu.  4.  Idealized  picture  showing  the  hurricane  vortex  and 
associated  high-pressure  cells.  The  tangential  component  of  the 
motion  around  circuit,  C,  is  in  the  anticycionic  sense. 


the  angular  momentum  cycle.  In  order  to  see  how 
these  fit  together  let  us  trace  the  course  of  the  angular 
momentum  transfer  in  the  mature  hurricane  with  the 
aid  of  the  various  figures  and  tables  presented  in  the 
previous  sections.  In  the  first  place  we  may  note  that 
the  frictional  transfer  of  cyclonic  angular  momentum 
from  the  earth  into  the  atmosphere  takes  place  in  the 
outer  branches  of  the  circulation  around  each  of  the 
large-scale  high-pressure  cells  which  border  the  hurri¬ 
cane,  where  the  surface  winds  posse**  an  anticycionic 
component  about  the  axis  of  die  hurricane  (fig.  4). 
A  certain  portion  of  the  angular  momentum  which  is 
received  by  the  atmosphere  in  these  regions  must  be 
transported  into  the  hurricane  in  order  to  maintain  the 
rotation  against  frictional  dissipation.  The  rest  must 


Fig.  S.  Sea-level  streamlines;  hurricane  “Connie,” 
1830  GCT  9  August  1955. 
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l>e  carried  .may  into  the  surrounding  atmosphere, 
hocusing  attention  on  that  jiortion  which  serves  to 
maintain  the  hurricane  circulation,  we  find  that  it  is 
transported  from  the  source  region  into  the  cyclonic 
core  primarily  through  the  agency  of  horizontal-eddy 
processes  (tables  1  and  2).  This  transport  is  associated 
with  certain  asymmetries  in  the  flow  around  each  of 
the  neighboring  high-pressure  cells  (fig.  5).  The  supply 
of  angular  momentum  which  is  accumulated  in  this 
way  is  then  transported  closer  to  the  center  of  the 
hurricane  by  a  verticai-eddy  circulation  which  operates 
within  the  cyclonic  core.  This  circulation  maintains 
the  high  wind  speeds  immediately  surrounding  the  eye 
of  the  hurricane. 

As  an  additional  consideration  it  should  be  remarked 
that,  in  order  to  satisfy  the  frictional  requirements,  the 
angular  momentum  transport  must  increase  with 
distance  from  the  center  of  the  hurricane  within  the 
cyclonic  core,  and  decrease  with  distance  from  the 
center  within  the  anticyclonic  belt.  The  maximum 
transport  is,  therefore,  found  somewhere  between 
these  two  regions. 

The  significance  of  the  present  results  can  best  be 
appreciated  when  viewed  in  the  light  of  the  recent 
theoretical  and  experimental  work  dealing  with  ro¬ 
tating  fluids  (see  for  example  Kuo,  1956b,  and  Fultz, 
1953).  The  reader  will  recall  that  the  type  of  process 
which  accomplishes  the  required  transports  of  angular 
momentum  and  energy  in  the  rotating  model  experi¬ 
ments  depends  on  the  rate  of  rotation  of  the  vessel 
and  on  the  intensity  of  the  radial  heating  gradient. 
Specifically,  it  is  found  that,  when  the  heating  is 
intense  and  the  rotation  rate  small,  free  vertical -eddy 
convection  develops  and  dominates  the  flow.  This  is 
characteristic  of  the  so-called  ‘‘Hadley  regime,"  in 
which  vertical-eddy  processes  serve  as  the  primary 
agency  for  the  transport  of  angular  momentum  and 
energy.  On  the  other  hand,  when  the  heating  is  weak 
and  the  rotation  rate  large,  the  required  transports 
are  accomplished  principally  through  the  agency  of 
horizontal-eddy  processes.  This  is  characteristic  of  the 
“Rossby  regime.”  In  the  hurricane,  we  find  that  a 
combination  of  vertical  and  horizontal  eddies  is  re¬ 
quired  to  accomplish  the  necessary  transports  of 
angular  momentum.  The  hurricane  thus  possesses 
characteristics  of  both  the  Hadley  and  the  Rossby 
regimes. 

A  legitimate  question  might  be  raised  concerning 
the  validity  of  the  analogy  between  the  convective 
regimes  of  the  hurricane  and  those  of  the  model  ex¬ 
periments,  since  the  manner  in  which  the  heating  is 
controlled  is  quite  different  in  the  former  from  what 
it  is  in  the  latter.  In  the  way  of  justification  for  this 
approach,  it  may  be  remarked  that  the  type  of  regime 


which  Jevdops  .it  a  given  rate  of  rotation  seems  to 
dejicnd  on  the  magnitude  of  the  heating  gradient  rather 
than  on  the  way  in  which  the  heating  is  controlled. 

8.  Concluding  remarks 

From  time  to  time  theoretical  models  will  be 
proposed  which  attempt  to  explain  the  mechanism  of 
the  hurricane  in  terms  of  cause  and  effect.  It  will  be 
necessary  to  find  some  criterion  by  which  to  judge  the 
validity  of  the  conclusions  reached  on  the  basis  of 
such  models.  Regardless  of  any  other  considerations 
it  may  be  stated  that  if  the  model  satisfies  the  princi¬ 
ples  of  conservation  of  mass,  momentum  and  energy 
in  the  same  way  that  the  atmosphere  does  then  it  con¬ 
stitutes  a  valid  explanation  of  the  behavior  of  the 
atmosphere.  Thus,  the  burden  of  proof  rests  on  studies 
in  which  an  effort  is  made  to  determine,  quantitatively, 
the  physical  processes  which  take  place  in  the  atmos¬ 
phere.  The  present  investigation  represents  an  attempt 
in  this  direction.  Owing  to  the  limitations  of  the  data 
it  must,  however,  be  regarded  as  merely  a  first  look  at 
the  hurricane  problem.  It  is  hoped  that  more  accurate 
and  complete  data  will  soon  become  available  so  that 
additional  investigations  of  the  angular  momentum 
and  energy  budgets  can  be  undertaken,  for  it  is  only 
after  large  quantities  of  data  have  been  processed, 
and  the  results  interpreted  properly,  that  firm  con¬ 
clusions  concerning  the  hurricane  mechanism  can  be 
reached. 
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ABSTRACT 

The  flux  of  angular  momentum  in  rotating  model  experiments  in  which  relative  motions  (in  water)  are 
generated  by  differential  heating,  is  investigated  observationallv.  For  appreciable  rates  of  rotation  a  close 
similarity  is  obtained  with  the  atmosphere  at  the  jet 'Stream  level,  not  only  in  regard  to  the  appearance  of  the 
Row  patterns,  but  also  in  the  mode  of  poleward  transfer  of  angular  momentum  as  measured  quantitatively. 
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1.  INTRODUCTION 


The  aim  of  this  discussion  is  to  describe  a  study  of  the  flux  of  angular  momentum  in  an  experimental 
model  of  fluid  flow,  involving  a  rotating  system  in  which  the  relative  motions  are  generated  bv  differential 
heating.  The  experiments  were  performed  by  R,  R.  Long  at  the  hydrodynamics  laboratory  of  the  University 
of  Chicago.  Inasmuch  as  a  complete  account  of  the  technical  aspects  of  the  experiments  has  been  presented 
elsewhere  by  Long  (1951a)  and  Fultz  (1951),  only  a  brief  general  statement  is  made  here  concerning  the 
form  of  the  model  used.  In  addition  to  the  descriptive  results  outlined  in  the  reference  already  given  and 
partly  repeated  below,  it  seemed  desirable  to  investigate  the  radial  transport  of  angular  momentum  in  the 
Sows  obtained  by  the  same  methods  at  were  used  fay  Starr  and  White  (1951)  for  the  analogous  purpose  in 
the  atmosphere,  in  order  to  observe  such  similarities  or  differences  as  might  be  revealed  in  the  two  instances. 


2.  THE  MODEL 

The  apparatus  consisted  of  a  circular  vessel  (actually  a  dishpan)  mounted  on  a  rotating  table  so  that  a 
given  angular  velocity  could  be  maintained  during  the  course  of  each  experiment.  The  vessel  was  heated  by- 
means  of  an  electrical  resistance  coil  located  underneath  it  and  forming  a  flat  annular  ring,  whose  outside 
diameter  was  equal  to  that  of  the  vessel  and  whose  inside  diameter  was  somewhat  smaller.  The  vessel  was 
filled  with  water  to  a  given  depth  and  rotated  until  solid  rotation  was  established  before  the  heating  was 
begun.  The  motion  at  the  free  surface  was  followed  by  means  of  a  tracer  consisting  of  aluminum  powder 
sprinkled  upon  the  water. 

In  order  to  observe  the  motions  of  the  fluid  relative  to  the  rotating  pan  directly,  the  experiments  were 
viewed,  and  also  photographed,  with  the  aid  of  a  rotoscope,  Long  (1931b).  When  properly  adjusted,  this 
piece  of  equipment  enables  the  observer  to  eliminate  the  basic  rotation  from  the  image  seen.  Thus  the  pan 
itself  appears  in  the  image  with  zero  rotation,  and  the  tracer  indicates  only  the  relative  motions. 

Streak  photographs  of  the  relative  motion  were  obtained  at  the  rate  of  approximately  one  per  revolution 
by  using  one-half  second  time  exposures.  A  strong  flash  of  illumination  at  the  end  of  each  time  exposure 
was  used  to  indicate  the  direction  of  the  motion  given  by  the  streaks. 

The  pan  was  15  cm  in  radius  and  was  filled  to  a  depth  of  2  cm  in  all  of  the  experiments.  The  tempera¬ 
ture  difference  between  the  rim  and  the  center  was  recorded  continuously  during  the  course  of  each  experiment. 
In  all,  108  usable  photographs  were  obtained.  In  all  cases  the  sense  of  rotation  was  counterclockwise  when 
viewed  from  above,  thus  being  analogous  to  that  of  the  atmosphere  in  the  northern  hemisphere.  For 
reasons  of  simplicity,  meteorological  and  geographical  terms  will  be  used  in  the  descriptions  which  follow. 


3.  QUALITATIVE  RESULTS 

It  has  been  pointed  out  by  Long  (1951),  that  two  characteristic  circulation  regimes  are  observed  which 
depend  on  the  rate  of  rotation  of  the  dishpan.  The  streamline  patterns  obtained  in  the  cases  of  high  rotation 
exhibit  a  striking  resemblance  to  the  corresponding  atmospheric  flow  patterns  at  the  jet-stream  level,  as 
shown  by  appropriate  northern  hemisphere  isobaric  charts  (see  Fig.  18).  The  most  notable  characteristic 


Pig.  18.  A  high-rotation  (4.81  rptn)  streak -fla»h  pnotograpb  of  fluid  motion*  induced  in  t  rotating  cylinder  heated  at  the 
perimeter.  The  flow  pattern*  bear  resemblance  to  those  found  in  free  atmosphere. 
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Fig.  19.  A  low-rotation  (2.92  rpm)  streak  -flat*',  photograph  of  fluid  motion*  induced  in  a  rotating  cylinder  heated  at  the  |ierim- 
eter.  Tbe  flow  pattern  i»  more  symmetrical  than  in  Fig.  IK. 
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i*  tht  presence  of  a  meandering  jet  «treara  «•{  we»terl‘e*,  wsth  severe i  large  wav*- -like  undulations  progfeeatng 
slowly  eastward  m  general.  The  wave  number  and  ratio  of  empiitudr  to  wttrfrRjth  were  tboel  the  aims 
as  ia  the  etmwphmr  rase.  < hvanmnali  v  the  loop*  in  the  jet  tend  to  pinch  off  and  form  closed  cyclonic 
and  anticy  clonic  renters  which  persist  for  some  time.  The  zonal  motion  is  from  west  to  east,  on  the  average, 
from  the  pole  to  the  equator  (rim),  although  strongest  in  the  middle  latitudes. 

The  circulation  in  the  high  rotation  rase  i»  strongly  influenced  by  varying  the  rotation  and  the  interne 
of  beating.  The  particular  choice  of  about  4  rprn  for  the  given  amount  of  heating  was  not  accidental, 
effort  was  made  to  choose  a  condition  similar  to  that  at  high  levels  in  the  middle  and  high  latitudes  of  t 
northern  hemisphere.  Two  criteria  were  used  to  obtain  this  similarity.  The  first  involved  an  equality 
model  end  prototype  of  the  nondimtosjonal  number  H  —  ! ' :jL,  where  L  is  a  representative  relative  veloci, 

L  is  a  representative  length,  and  /  is  the  Coriolis  parameter.  This  number  is  the  ratio  of  inertia  force 
Coriolis  force,  and  its  equality  is  a  necessary  but  not  a  sufficient  condition  that  two  rotating  fluid  systems 
dynamically  similar.  In  this  application  L  was  taken  to  be  a  representative  velocity  in  the  jet  stream  and 
was  the  radius  of  the  pan  (distance  from  pole  to  equator  on  the  earth). 

There  was  some  difficulty  in  deciding  the  best  value  of  rotation  for  the  experiment.  A  preltmina 
choice  indicated  a  rotation  of  5  rpm  for  the  cylinder.  The  second  criterion  was  then  employed,  name! 
that  the  westerly  jet  have  a  mean  position  at  about  10  era  from  the  center  and  that  tlie  general  appearan 
of  the  motion  be  similar  to  that  in  the  high  troposphere.  If  it  is  permissible  to  associate  this  circle  with  tl 
30°  latitude  circle  on  the  earth,  the  jet  would  then  occupy  a  similar  position  in  model  and  prototype.  1 
3  rpm  it  was  found  that  the  jet  remained  too  close  to  the  edge  of  the  pan.  The  rotation  was  then  decreas* 
to  about  4  rpm,  and  from  qualitative  visual  observation  it  appeared  that  the  jet  was  at  the  proper  positio 
After  the  numerical  computations  were  completed,  however,  it  was  found  that  the  latitude  of  the  mean  y 
was  still  farther  south  than  anticipated.  Further  experimentation  with  a  rotation  rate  below  4  rpm  woui 
therefore  be  desirable. 

It  is  of  considerable  interest  to  investigate  the  value  of  R  at  this  rotation.  The  velocity  in  the  jet  wt 
then  close  to  0.75  cm  sec-1,/ was  O.ffsec-1,  and  L  was  IS  cm.  The  ratio  R  was  therefore  0.06  for  the  mode 
If  the  corresponding  atmospheric  quantities  are  taken  as  V  —  6  X  10*  cm  sec-1,  /  *=  19-4,  and  L  *  $* 

X  6.4  X  10*,  the  two  values  of  R  become  nearly  equal.  The  two  uncertain  quantities  in  the  atmospher 
calculation,  V  and  /,  are  nevertheless  both  very  reasonable.  The  implication  is  that  the  two  criteria  at 
not  independent  and  that  kinematic  similarity  in  the  flow  pattern  is  a  consequence  of  similarity  in  tl 
characteristic  ratio  R. 

In  the  cases  of  low  rotation  the  flow  patterns  again  show  the  presence  of  mean  westerlies  from  the  pol 
to  the  equator  (see  Fig.  19).  However,  the  jet  stream  is  now  replaced  by  a  broad  maximum  at  somewh*  > 
less  than  one  half  the  distance  from  the  pole  to  the  rim,  and  there  is  tittle  evidence  of  the  large  meandering 
to  be  seen,  although  some  lack  of  radial  symmetry  about  the  pole  is  usually  present.  At  the  time  of  th 
writing,  only  a  single  sequence  of  6  pictures  was  available  for  study.  Any  conclusions  based  upon  such  * 
small  sample  would  certainly  be  questionable.  Therefore,  the  remainder  of  the  discussion  will  be  confine 
to  the  high  rotation  case. 


4.  QUANTITATIVE  DATA 


For  purposes  of  securing  quantitative  data  for  use  in  calculating  the  transfers  of  angular  momentum,  « 
grid  of  six  latitude  circles  and  sixteen  longitude  lines  was  fixed  relative  to  the  pan  and  reproduced  on  all  th 
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photographs.  The  latitude  circles  were  taken  at  the  six  radii  2'/it  5,  7)4,  10.  12)4  and  13*$  cm,  thus  corre¬ 
sponding  in  a  sense  to  75  , 00 , 45 , 30 , 15  and  7.5  latitude  on  the  earth.  1  he  intersections  of  this  grid  then 
provided  88  systematically  located  "stations"  at  which  the  "wind"  measurements  were  made  (only  8  longi¬ 
tudes  were  used  at  the  2 34 -cm  circle).  The  wind  direction  was  measured  from  the  streaks  in  the  vicinity  of 
each  station  and  recorded  in  terms  of  36  compass  points.  Likewise  the  speed  was  measured  from  the  length 
of  the  streaks  and  the  duration  (automatically  recorded)  of  the  time-exposures.  The  speeds  were  recorded 
to  the  nearest  hundredth  of  a  centimeter  per  second.  Because  of  the  uneven  distribution  of  the  tracer,  it 
was  at  times  impossible  to  make  measurements,  but  the  data  were  almost  perfect  in  this  regard  as  compared 
with  similar  atmospheric  actual  wind  observations.  The  material  was  tabulated  by  "days"  and  grouped 
according  to  the  6ix  latitudes  for  each  experiment. 


5.  COMPUTATION  OF  TRANSPORTS 

The  computation  of  the  transports  of  angular  momentum  follow  along  the  plan  used  bv  Starr  and  White 
(1951,  1952).  Since  these  methods  and  the  considerations  on  which  they  are  based  have  already  been 
expounded  on  previous  occasions,  it  is  assumed  that  readers  who  desire  a  detailed  exposition  will  refer  to  the 
papers  in  question.  It  may  nevertheless  not  be  out  of  place  to  state  that  in  the  scheme  u  and  v  denote  the 
eastward  and  northward  components  of  wind  velocity,  the  square  brackets  denote  instantaneous  space 
averages  along  the  length  of  a  complete  latitude  circle,  bars  indicate  time  averages  and  primes  are  used  for 
departures  from  the  averages.  Curly  brackets  signify  arithmetic  means  over  the  total  number  N  of  observa¬ 
tions  at  a  given  latitude  during  the  course  of  an  experiment  or  group  of  experiments.  The  coefficient  of 
linear  correlation  between  A'  pairs  of  u  and  v  is  denoted  by  r,  and  the  number  of  photographs  from  an  experi¬ 
ment  or  group  of  experiments  is  given  by  n. 

The  total  transport  of  linear  eastward  relative  momentum,  per  unit  length  of  the  latitude  circle  and  per 
unit  mass  in  the  vertical  [i»t’|,  is  expressible  as  the  sum  of  the  three  terms  |u)|t>|,  |u]'|t>|'  and  |uV|  called  the 
transports  of  the  first,  second  and  third  species,  respectively.  These  three  quantities  have  distinct  physical 
meanings  useful  for  the  present  purpose.  They  are  discussed  further  below  and  also  in  the  references  already 
given.  The  total  transport  may  also  lie  calculated  differently,  as  a  check,  in  the  form  ju  v).  In  this  form 
it  may  be  resolved  into  the  two  terms  jujjcj  and  Jut’}  —  {ujjtj.  The  first  is  analogous  to  the  transport 
of  the  first  species  and  the  second  is  analogous  to  the  sum  of  the  transports  of  the  remaining  two  species. 
This  equivalence  becomes  necessarilv  exact  when  no  individual  wind  reports  are  missing. 


6.  NUMERICAL  RESULTS 

In  view  of  the  fact  that  it  is  desired  to  compare  the  results  with  the  corresponding  atmospheric  findings, 
the  form  of  Table  4  is  basically  similar  to  Table  3  given  by  Starr  and  White  (1951)  and  also  to  Tables  2,  3 
and  4  given  by  the  same  authors  (1952).  The  main  differences  are  in  the  velocity  units,  the  inclusion  of 
five  latitudes  in  the  place  of  one  and  the  separation  by  individual  experiments.  The  laboratory  results  are 
also  necessarilv  for  the  free  surface  only. 

For  the  sake  of  added  information,  the  rates  of  rotation  and  the  average  temperature  differences  between 
the  rim  and  the  center  are  given  for  all  the  experiments.  Since  a  more  or  less  steady  regime  of  molion  was 
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T*t)!r  t.  Numerical  analysis  of  high  rotation  data.  Thr  radius  is  given  in  centimeters;  all  velocities  are  in  centimeter* 
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not  established  until  the  lapse  of  some  time  after  heating  was  begun,  the  actual  taking  of  photographs  -as 
therefore  likewise  delayed  for  several  minutes.  The  time  interval  between  the  instant  when  heatir-  /as 
begun  and  when  the  first  photograph  was  taken  is  given  as  the  "starting  time”  for  each  t\'t  -ruiiKUi. 

After  protracted  periods  of  time  the  surface  of  the  fluid  becomes  contaminated  and  the  increase  in  surface 
tension  interferes  with  the  free  motion  of  the  tracer  particles.  This  happens  quite  suddenly  and  is  easily 
recognised  in  the  photographs.  In  order  to  obtain  a  long  period  average,  the  individual  experiments  were 
combined  at  the  bottom  of  the  tables.  This  introduces  some  minor  questions  in  regard  to  the  transports 
of  the  second  species  which  involve  a  temporal  correlation  between  [u]  and  (t>),  but  since  the  experiments  show 
a  good  degree  of  reproducibility  this  procedure  probably  is  otherwise  free  from  serious  objection.  Confidence 
limits  of  the  time  means  of  the  various  quantities  defined  as  twice  the  standard  error  are  given  for  these 
combined  totals. 


7.  DISCUSSION  OF  NUMERICAL  RESULTS 

Many  features  of  the  results  are  apparent  immediately  from  an  inspection  of  Table  4.  The  more 
important  of  these  are  the  following. 

(a)  There  is  a  tendency  for  the  quantities  ft>)  and  {»}  to  be  negative  implying,  from  continuity  considera¬ 
tions,  a  slight  net  northward  return  flow  at  lower  levels. 

(b)  There  is,  except  for  a  few  instances  in  individual  experiments,  a  net  flow  of  relative  linear  momentum 
[u  e]  toward  the  north  at  all  latitudes.  This  is  due  mainly  to  the  transport  of  the  third  species,  i.e.,  [«'  t/j. 
Since  the  transport  of  the  second  species  is  almost  zero,  this  contrast  is  reflected  also  in  the  values  of  |u  rj 

-  Ju|  {»}. 

(c)  Aside  from  considerations  of  absolute  magnitude  of  the  velocities,  comparison  with  the  numerical 
results  for  the  atmosphere  at  latitude  30°  N,  as  obtained  in  the  references  quoted,  reveals  striking  similarities. 
Thus  the  data  at  the  radius  of  10  cm  show:  (1)  a  relatively  strong  positive  correlation  between  u  and  r, 
(2)  a  strong  northward  total  flux  of  momentum  and  (3)  a  predominance  of  the  transport  of  the  third  species 
in  this  poleward  momentum  flux.  All  four  of  these  characteristics  are  shown  also  by  the  atmospheric  data 
at  the  jet-stream  level. 

(d)  The  individual  experiments  give  results  that  are  essentially  the  same,  showing  that  a  necessary 
condition  for  the  experiments  has  been  achieved,  namely,  reproducibility. 


8.  INTERPRETATION  OF  RESULTS 

Assuming  that  the  numerical  findings  reflect  the  actual  physical  behavior  of  the  upper  strata  of  the  fluid, 
the  following  suggestions  appear  to  be  conveyed  by  them. 

(a)  When  the  rotation  is  high,  the  convection  does  not  follow  a  simple  scheme,  but  instead  a  circulation 
regime  ensues  characterized  by  quasi-horizontal  exchanges  represented  by  the  large-scale  meanderings  of  the 
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jet  stream.  This  reflects  an  important  characteristic  of  rotating  fluids.  If  the  relative  velocities  are  small 
compared  to  the  basic  rotations,  i.e„  if  R  is  small,  the  motion  tends  to  be  two-dimensional  When  R  becomes 
large,  however,  as  in  the  low  rotation  case,  vertical  motions  may  increase.  These  tendencies  have  been 
investigated  theoretically  and  experimentally  by  Proudman  (1916)  and  Taylor  (1923). 

(b)  In  both  high  and  low  rotation  cases,  westerlies  develop  at  the  top.  With  low  rotation  these  aeem 
to  be  dependent  upon  the  Coriolis  forces  associated  with  the  net  poleward  mass  flux.  In  the  high  rotation 
case  they  are  probably  due  to  Rey  nolds  stresses  associated  with  the  quasi-horizontal  exchangee,  and  not  so 
simply  related  to  the  Coriolis  forces. 

(c)  Since  it  would  be  impossible  for  mean  westerlies  to  prevail  throughout  the  fluid  in  a  quasi-steady 
regime,  it  therefore  follows  that  there  should  be  easterlies  at  some  latitudes  next  to  the  bottom  or  at  the 
rim  at  lower  levels. 

(d)  The  first  two  experiments  with  high  rotation  show  transports  of  angular  momentum  southward 
across  the  5-cm  circle,  although  the  combined  average  does  not  show  this  feature.  1*  ;s  interesting  on  this 
account  to  speculate  whether  polar  easterlies  may  at  times  be  present  at  the  bottom  near  the  pole,  but  no 
definite  conclusions  can  be  reached  from  the  data  in  this  regard. 


9.  CRITICAL  REMARKS 

It  is  a  matter  of  interest  to  examine  the  computational  procedures  used  with  the  view  of  determining 
their  validity  in  certain  respects,  and  to  note  various  comparisons  which  may  be  made  with  the  corresponding 
applications  of  them  to  the  atmospheric  case.  One  may  note  the  following  items. 

(a)  The  general  smallness  of  [r]  and  indicate  that  probably  conditions  to  the  rear  and  in  front  of 
troughs  (or  ridges)  were  sampled  in  rather  random  fashion,  as  in  the  atmospheric  calculations. 

(b)  Although  the  irregular  spacing  and  location  of  stations  is  a  critical  problem  in  the  atmosphere,  no 
such  difficulty  arises  in  the  experimental  case.  One  may  use  a  much  more  detailed  grid,  the  main  limitation 
being  the  labor  involved, 

(c)  Whereas  wind  soundings  are  selective  in  favor  of  light  wind  conditions  in  the  atmosphere,  this  factor 
is  absent  in  the  experiments.  It  is  true,  nevertheless,  that  some  "reports”  were  missing  in  the  laboratory 
experiments  sb  already  explained,  but  it  is  most  unlikely  that  this  situation  is  associated  with  selective  effects 
(at  some  latitudes  the  data  were  actually  complete  for  certain  individual  experiments). 

(d)  The  upper  surface  of  the  water  is  a  special  level  at  which  there  is  a  large  density  discontinuity,  and 
at  which  surface  tension  phenomena  are  present.  It  may  be  that  these  factors  are  of  some  importance  in 
influencing  the  motions.  More  experimentation  involving  such  modifications  as  the  measurement  of 
velocities  slightly  below  the  surface  are  ne-ded  in  order  to  throw  light  upon  these  questions. 

(e)  Because  of  the  fact  that  the  data  suffer  less  horn  missing  reports  than  for  the  atmospheric  case,  various 
quantities  calculated  may  exhibit  serial  correlation  in  time  so  that  the  confidence  limits  computed  are  too 
small.  The  quantities  M,  [u  v],  [uj[v],  [u' «/]  give  correlations  at  one  lag  for  the  10-cm  circle  of  —0.11,  +0.10, 
—0.09  and  +0.23,  respectively,  showing  that  there  may  be  some  tendency  for  persistence,  but  not  enough 
to  warrant  more  elaborate  computation  of  the  limits. 
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10,  GENERAL  COMMENTS 


Several  broad  topics  arise  naturally  from  the  subject  dealt  with  in  this  paper.  Two  of  these  are  espe¬ 
cially  worthy  of  note.  For  years  the  question  as  to  whether  or  not  laboratory  experiments  could  be  devised 
which  would  duplicate  in  some  measure  the  large-scale  processes  of  the  atmosphere  has  been  discussed  by 
meteorologists.  Many  have  evinced  varying  degrees  of  despair  concerning  such  possibilities  because  of  the 
numerous  difficulties  in  reproducing  natural  conditions.  Others  have  nevertheless  proceeded  in  the  hope 
that  similarity  in  certain  features  could  be  achieved,  and  consequently  there  is  a  growing  literature  on  the  sub¬ 
ject.  The  studies  here  described  form  a  continuation  of  these  developments. 

The  reader  can  easily  supply  almost  any  number  of  items  of  dissimilarity  between  opr  experiments  and 
the  atmospheric  processes.  This,  however,  does  not  rule  out  the  possibility  that  certain  important  element* 
of  the  basic  dynamic  mechanism  of  the  general  circulation  have  been  captured  in  the  experiments.  The 
general  appearance  and  behavior  of  the  How  patterns,  together  with  the  numerical  results  concerning  the  flow 
of  angular  momentum  for  the  two  systems,  constitute  prima  facie  evidence  of  similarity  in  these  respects, 
although  much  more  must  be  learned  from  further  experimentation,  principally  as  to  the  field  of  motion 
in  the  strata  of  the  fluid  beneath  the  upper  surface.*  Furthermore,  one  can,  at  the  present  moment,  merely 
raise  the  question  as  to  whether  more  experimentation  might  not  reveal  similarities  with  respect  to  smaller 
synoptic  features,  such  as  occluding  cyclones  with  axes  tilted  westward  in  the  vertical  and  anticyclones  of 
the  cold  and  warm  type,  etc.f  Moreover,  such  additional  exploration  is  not  attended  by  difficulties  that 
are  beyond  the  scope  of  a  well-equipped  physical  laboratory,  so  that  additional  information  is  to  be  expected 
without  undue  delay.  It  will  be  of  considerable  interest,  therefore,  to  see  to  what  added  extent  the  large- 
scale  atmospheric  phenomena  can  be  studied,  so  to  speak,  in  vitro  and  to  note  whether  our  understanding 
of  the  natural  processes  is  thereby  enhanced. 

As  mentioned  previously,  the  results  for  high  rotation  suggest  that  in  this  regime  the  mean  relative 
zonal  motions  are  maintained  by  eddy  processes.  In  this  role  the  eddy  processes  must  then  act  in  a  sense 
contrary  to  that  of  genuine  viscosity,  for  genuine  viscosity  can  only  tend  to  produce  rotation  of  the  fluid  as 
a  solid.  It  is  therefore  quite  inappropriate  to  use  the  concept  of  a  virtual  viscosity  in  order  to  describe  these 
eddy  processes,  unless  one  is  prepared  to  admit  the  existence  of  a  negative  virtual  viscosity  in  certain  portions 
of  the  system,  Kuo  (1951).  These  considerations  point  to  a  source  of  danger  in  many  customary  methods 
of  dealing  with  the  large-scale  eddy  processes  in  the  atmosphere.  This  could  lead  to  much  needless  confusion, 
if  the  basic  assumption  involved  is  not  first  subjected  to  sufficiently  close  scrutiny. 


*  As  in  the  atmosphere  one  may  define  a  system  of  rquipotential  surfaces  within  the  fluid  used  in  the  experiments.  In  the 
direction  normal  to  these  surfaces  (very  nrajjv  in  the  vertical)  the  counterpart  of  the  thermal  wind  relationship  should  be  present. 
A  preliminary  check  as  to  orders  of  magnitude  suggests  that  the  temperature  difference  from  the  rim  to  the  center  is  accom¬ 
panied  by  the  proper  increase  of  the  mean  zonal  westerlies  from  zero  at  the  bottom  to  the  observed  values  at  the  free  surface 
in  the  jet  stream. 

t  Since  writing  this  paper.  Dr.  Fultx  has  been  able  to  reproduce  such  systems. 
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ABSTRACT 

in  lire  present  paper  the  prexiurtiun  of  kinetic  energy  in  the  atmosphere  is  examined  from  a  hydro 
dynamical  point  of  view.  The  results  indicate  tital  the  intensity  of  the  primary  source  of  horizontal  kinetic 
energy  at  arty  point  in  the  atmosphere  is  e<|uai  to  the  pressure  multiplied  by  the  horizontal  divergence  of  the 
velocity.  Regions  of  horizontal  vekx'ity  convergence  ap;«*ar  as  hydnxIyn.ttiMc.tl  sinks  for  kinetic  energy,  in 
addition  to  frictional  effects.  U  is  found  that  kinetic  energy  may  be  transferred  through  atlvection  anti 
through  work  done  by  pressure  forces.  It  appears  that  diverging  anticyclones  are  of  primary  importance 
in  providing  kinetic  energy  for  t hv  general  circulation. 


1.  Introduction 

One  of  the  basic  problems  in  the  science  of  meteorol¬ 
ogy  relates  to  the  manner  in  which  thermal  energy 
received  by  the  atmosphere  through  short-wave  solar 
radiation  becomes  in  part  transformed  into  kinetic 
energy  of  motion  relative  to  the  rotating  earth. 
Plausible  estimates  show  that  the  fraction  of  the  total 
energy  so  transformed  is  very  small,  but  must  never¬ 
theless  be  sufficient  to  account  for  all  air  motions,  in 
the  absence  of  any  other  significant  energy  sources. 
Since  the  kinetic  energy  of  organized  motions  is  con¬ 
tinually  degraded  and  ultimately  dissipated  by  turbu¬ 
lence  and  viscosity,  the  process  of  kinetic  energy 
production  must  be  a  continuous  one  wfith,  probably, 
certain  fluctuations  about  a  mean  rate  when  the  whole 
atmosphere  is  considered.  The  purpose  of  this  paper 
is  to  examine  this  production  process  from  a  hydro- 
dynamical  point  of  view. 

Changes  in  the  kinetic  energy  of  a  particle  or  system 
of  particles  can  result  only  from  the  action  of  me¬ 
chanical  forces,  and  hence  the  rate  of  kinetic-energy 
production  can  be  discussed  in  terms  of  the  joint 
action  of  such  forces  and  the  kinematics  of  existing 
motions.  In  this  light  it  is  not  essential  to  inquire  how 
systems  of  such  forces  and  such  motions  in  the  at¬ 
mosphere  are  related  to  the  thermodynamical  proc¬ 
esses  which  are  ultimately  responsible  for  their  exist¬ 
ence.  In  order  to  demonstrate  the  particular  point  in 
question  as  simply  as  possible  we  shall  first  consider 
an  example  of  fluid  motion  under  somewhat  artificial 
circumstances,  but  still  having  theoretical  interest. 
In  view-  of  the  fact  that  the  kinetic  energy  of  vertical 
motions  in  the  atmosphere  is  very  small  compared 
with  the  kinetic  energy  of  the  large-scale  horizontal 
motions,  we  shall  consider  only  the  latter. 

The  approach  used  is  one  suggested  by  the  beautiful 
classic  paper  of  Osborne  Reynolds  (1895)  entitled 


"On  the  dynamical  theory  of  incompressible  viscous 
fluids  and  the  determination  of  the  criterion."  Whereas 
Reynolds  was  concerned  only  with  the  dissipation  of 
kinetic  energy,  his  treatment  must  be  modified  in 
order  to  envisage  also  the  process  which  creates  kinetic 
energy.  For  this  reason  his  assumption  of  incompressi¬ 
bility  will  be  abandoned.  Also,  our  restriction  to  the 
study  of  the  kinetic  energy  of  horizontal  motions 
introduces  certain  changes,  although  these  changes 
are  not  actually  in  the  nature  of  approximations. 

2.  Study  of  a  simple  system 

Let  it  be  supposed  that  a  mass  of  gas  is  confined  in 
a  chamber  with  a  plane  bottom  and  vertical  walls, 
under  the  action  of  gravity  which  we  assume  to  be 
acting  vertically  downward.  If  the  chamber  is  of 
sufficiently  great  height,  it  is  not  necessary  that  it 
have  a  top.  Likewise,  the  gas  need  not  be  an  ideal  one, 
since  no  use  will  be  made  of  an  equation  of  state. 
Coriolis  forces  will,  tor  the  present,  be  omitted.  Let  it 
be  supposed  further  that  the  gas  is  in  some  state  of 
motion  induced  by  differential  heating  and  cooling. 

If  we  take  x,  y,  z  to  be  a  cartesian  coordinate  system 
with  the  positive  3-axis  vertical,  we  may  w'rite  the 
equations  of  motion  for  the  horizontal  directions  in 
the  form 

du 
dt 
dv 
dt 

Here  u,  v  are  the  velocity  components  in  the  directions 
x,  y ;  p  is  the  density ;  p  the  pressure .  i  pme ;  ancj 
F,,  Fy  are  the  components  of  the  viscous  forces  in  the 
xf  y  directions.  Generally  speaking,  the  motions  in  the 
chamber  might  l>e  turbulent.  If  we  wish  to  regard  the 


1  dp 
p  dx 
1  dt> 


+  F  *, 


0) 
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dependent  variables  in  equations  (1)  as  representing 
mean  values  free  of  the  turbulence  components,  we 
shall  assume  that  the  only  change  necessary  is  to 
include  eddy-stress  effects  in  the  quantities  Fm,  Fr 
after  the  manner  of  Reynolds.  More  will  be  said  con¬ 
cerning  this  point  later. 

The  kinetic-energy  equation  corresponding  to  the 
system  (1)  is 

d  IV  d  IV  <3  fV 

p - ■+•  pti - b  pc - 

at  2  ax  i  ay  2 

a  w  /dp  ap\ 

+  —  «  _  (  uZ  +  vS\-d.  (2) 

dz  2  \  ax  ay  J 

We  use  the  symbol  d  to  represent  the  rate  at  which  the 
turbulence  and  viscosity  are  decreasing  the  kinetic 
energy  per  unit  volume,  and  VV  =  u*  +  It  is 
possible  to  rewrite  (2)  in  the  following  form : 

aE  aEu  aEv  aEw 

- 1 - 1 - 1 — - — 

at  ax  ay  at 

.-(l»  +  **)+l,(a±  +  ?.)-d.  (3, 

\  dx  dy  /  \  ax  dy  / 

where  use  has  been  made  of  the  continuity  equation 

+  +  0.  (4) 

01  dx  dy  dz 

which  in  any  case  must  be  true,  and  where  E  *  i pfV 
is  the  horizontal  kinetic  energy  per  unit  volume.  The 
quantity  represented  by  the  last  three  terms  on  the 
left-hand  side  of  (3)  is  the  divergence  of  the  (three- 
dimensional)  kinetic  energy  transport  vector  EV.  The 
quantity  in  the  first  parentheses  on  the  right  is  the 
divergence  of  the  horizontal  vector  pVk.  If  equation 
(3)  is  integrated  over  an  arbitrary  volume,  both  of 
these  quantities  may  be  represented  as  surface  inte¬ 
grals  with  the  aid  of  the  divergence  theorem.  Thus,  if 
the  limits  are  fi::ed,  we  may  write 

—  J*  J*  J*  Edxdydz 

-  J  EVndS  -  J  j"  P(vdx  -  a  dy)dz 

+  S$Sf(a£  +  %)dxiyd‘ 

-HI  d  dx  dy  dz,  (S) 

where  V »  is  taken  to  be  the  inward  component  of 
velocity  at  the  boundary,  and  dS  is  a  surface  element. 

Equation  (5)  may  now  be  given  the  following  inter¬ 
pretation.  The  total  horizontal  kinetic  energy  (T)  in  a 
fixed  region  may  be  changing  in  consequence  of : 


a.  An  advection  of  new  fluid  having  kinetic  energy 
across  the  boundary.  This  is  represented  by  the  term 

A  -  J  EV.dS. 

This  is  then  one  mode  of  redistribution  of  kinetic 
energy. 

b.  The  performance  of  work  by  pressure  forces  at 
the  boundary  in  virtue  of  the  displacements  due  to  the 
horizontal  velocity  components.  This  is  represen ted 
by  the  term 


—  J*  J*  p(v  dx  —  u  dy)dz. 


This  is  a  second  mode  of  redistribution  of  kinetic 
energy. 

c.  A  production  of  kinetic  energy  within  the  volume 
itself.  This  is  represented  by  the  term 

s-HfpC£+^)dxdyd‘’ 

which  contains  the  primary  source  of  kinetic  energy. 

d.  The  action  of  frictional  forces.  This  effect  would 
ordinarily  consist  of  a  dissipation  and  is  represented 
by  the  term 


D  =  Iff  d  dx  dy  dz. 


If  the  limits  of  integration  include  all  of  the  fluid 
in  the  fixed  chamber,  it  is  clear  that  the  surface  in¬ 
tegrals  must  vanish,  so  that  in  a  mechanically  close>l 
system  (5)  reduces  to 
0T 

—  -  5  -  D.  (6) 

at 

Since  for  such  a  system  the  frictional  effect  would 
ordinarily  lead  to  dissipation,  it  follows  that  S  must  be 
positive  if  the  kinetic  energy  T  is  to  remain  constant 
or  increase.  If  a  more  or  less  constant  amount  of 
kinetic  energy  is  to  be  present,  the  dissipation  must 
be  balanced  by  a  corresponding  positive  average  rate 
of  production. 

The  production  S  may  be  looked  upon  as  the  integral 
of  the  contributions  from  the  various  horizontal 
layers  of  fluid  present  and  written  as 

s-f[^pC£+7,)dx'‘, j1*- m 

In  view  of  the  fact  that  the  surface  integral 


//(£  +  ?>* 


must  vanish  if  the  horizontal  velocity  is  zero  across  the 
fixed  walls,  it  follows  that  a  given  horizontal  stratum 
of  fluid  cannot  give  a  positive  contribution  to  5  unless 
larger  values  of  the  pressure  p  are  associated  with 
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areas  of  horizontal  divergence  than  are  associated  with 
areas  of  convergence.  Thus  areas  of  horizontal  di¬ 
vergence  represent  primary  kinetic  energy  sources 
while  areas  of  convergence  represent  sinks  for  kinetic 
energy.  Furthermore,  in  a  mechanically  closed  system 
of  the  kind  here  considered  it  is  impossible  to  have 
source  regions  for  kinetic  energy  without  at  the  same 
time  having  sinks  of  a  hydrodynamic  nature,  entirely 
independent  of  frictional  effects. 

3.  Equations  for  the  atmosphere 

Before  embarking  upon  a  discussion  of  the  meteoro¬ 
logical  implications  of  the  material  presented  above,  it 
is  desirable  to  develop  the  concepts  involved  in  more 
general  terms,  so  as  to  render  it  possible  to  perform 
integrations  over  the  entire  mass  of  the  atmosphere. 

To  a  sufficiently  close  degree  of  approximation  the 
shape  of  the  geopotential  surfaces  may  be  considered 
as  spherical  so  that  we  may  make  use  of  spherical 
polar  coordinates  in  which  r  is  the  radius,  p  is  latitude, 
and  X  is  longitude.  By  analogy  with  the  cartesian 
case  we  may  then  write  the  equations  of  motion  for  the 
horizontal  directions  (see  Brunt,  1939)  in  the  form 


The  manipulation  of  the  remaining  term  on  the  left 
side  may  now  be  earned  out  with  the  aid  of  the  con¬ 
tinuity  equation  much  as  before,  since  this  operation 
is  independent  of  the  specific  coordinate  system  used, 
so  that  we  may  write 

dE 

—  4-  divj  EV  —  —  diVipV*  -4  p  div5  F*  —  d.  (10) 
dt 

A  volume  integral  of  (10)  may  now  be  taken  and  writ¬ 
ten  in  the  form 


:/«*-/  bv.<is~  If  p(vdx  —  udy)dr 

+  J  p  div*YadT  —  j*  d  dr ,  (11) 


where  dr  is  a  volume  and  dS  a  surface  element.  Equa¬ 
tion  v  1 13  is  physically  identical  with  (5)  and  has, 
therefore,  the  same  interpretation.  In  symbolic  form 
we  may  write 

dT 

—  “ A  +  W  +  S-D ,  (12) 

dt 


du  uv  uw 

- tan  p  H - h  2Q{w  cos  P  —  v  sin  <t>) 

dt  r  r 


dv  a!  vw 

—  _j - tan  - (-  2  flu  sin  p 

dt  r  r 


where  u,  v,  w  are  the  linear  velocity  components  in  the 
northward,  eastward,  and  upward  directions,  re¬ 
spectively,  and  x,  y  are  measures  of  linear  distance 
eastward  and  northward,  respectively ;  is  the  angular 
velocity  of  the  earth.  The  analogous  energy  equation 
in  this  case  may  be  written  as 


4-  p  —  vj  4  2piluu>  cos  <t> 
r 

(dpu  dpv  pv 

- i - tan  p 

dx  dy  r 


(du  dv  v  \ 

- 1 - tan  p  I  —  d. 

dx  dy  r  / 


Making  use  of  the  observational  fact  that  the  last 
two  terms  on  the  left-hand  side  of  (9)  are  of  a  very' 
small  order  of  magnitude,  these  terms  will  be  dropped.1 

1  In  reality  these  terms  represent  a  conversion  of  kinetic  energy 
of  horizontal  motions  into  kinetic  energy  of  vertical  motions, 
and  as  such  do  not  involve  a  production  of  kinetic  energy.  Indeed, 
by  methods  similar  to  those  used  in  this  paper  one  can  investigate 
separately  the  kinetic  energy  of  motions  in  each  of  the  three 
directions,  namely,  zonal,  meridional  and  vertical.  In  that  case 
other  conversion  terms  of  a  similar  nature  arise 


which  states  that  the  rate  of  increase  of  horizontal 
kinetic  energy  for  a  fixed  volume  is  equal  to  the  net 
rate  of  advection  of  such  kinetic  energy  into  the  re¬ 
gion,  plus  the  rate  at  which  work  is  being  done  by  the 
surroundings  on  the  fluid  in  the  region  through  hori¬ 
zontal  motions,  plus  the  production  of  kinetic  energy 
in  the  volume,  minus  the  frictional  dissipation.  For  a 
system  which  is  mechanically  closed  A  and  W  again 
vanish.  This  is  therefore  true  when  the  entire  atmos¬ 
phere  is  considered.  In  this  case  the  surface  integral 
of  the  horizontal  divergence  over  each  closed  geo¬ 
potential  surface  must  vanish  as  in  the  case  of  the 
chamber  previously  considered. 

4.  Conclusions 

Although  it  is  possible  to  form  other  energy  in¬ 
tegrals  for  fluid  motion,  as  pointed  out  in  standard 
texts  on  hydrodynamics,*  the  particular  merit  of  the 
procedure  followed  above  is  that  the  expression  for 
production  of  kinetic  energy  assumes  a  form  which  is 
of  interest  in  meteorological  problems.  The  implications 
of  equation  (12)  may  be  stated  in  brief  as  follows: 

a.  The  intensity  cf  the  primary  source  of  horizontal 
kinetic  energy  at  a  given  point  in  the  atmosphere  is 
given  by  the  product  of  the  pressure  into  the  diver¬ 
gence  of  the  horizontal  velocity. 

b.  Positive  primary  sources  must  always  occur  in 
combination  with  negative  sources  or  sinks  inde¬ 
pendent  of  frictional  effects,  when  the  entire  at¬ 
mosphere  is  considered. 

*  Sw,  for  ?xarvi*4c,  Bjerknes  *4  qI.  (19.33). 
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c.  Ill  addition  to  the  action  of  the  sources  and  fric¬ 
tional  effects,  the  horizontal  kinetic  energy  in  a  fixed 
region  not  embracing  the  entire  atmosphere  may 
change  due  to  advection  of  kinetic  energy  across  the 
boundary  and  due  to  the  redistribution  of  kinetic 
energy  through  the  boundary  by  work  done  by  pres¬ 
sure  forces  and  horizontal  velocity  components  at  the 
lioundary. 

From  the  standjioint  of  the  general  circulation  it 
would  appear  that  the  sources  of  kinetic  energy  are  to 
l>e  found  in  the  regions  of  horizontal  divergence. 
The  net  contribution  from  a  given  level  results  from 
the  fact  that  areas  of  divergence  generally  occur  at  a 
different  pressure  than  do  the  areas  of  convergence. 
Thus  at  lower  levels  it  is  common  for  horizontal  di¬ 
vergence  to  be  present  in  anticydonic  areas  while 
convergence  takes  place  in  cyclonic  areas,  the  net 
result  being  positive.  We  as  yet  do  not  have  sufficient 
observational  matt  rial  concerning  the  distribution  of 
divergence  at  higher  levels,  but  the  fact  that  the  pres¬ 
sure  decreases  with  elevation  would  seem  to  indicate 
that  'he  importance  of  the  higher  levels  rapidly  di¬ 
minishes.  Generally  speaking,  it  would  thus  apjiear 
that  the  energy  sources  for  the  general  circulation  are 
to  be  found  principally  in  the  subtropical  high-pressure 
cells,  the  migratory  polar  anticyclones  and  the  sub¬ 
siding  cap  of  cold  air  over  the  polar  regions.  From 
these  primary  centers  the  kinetic  energy  is  continually 
transferred  to  the  cyclonic  areas  with  convergence 
which  act  as  sinks  in  addition  to  the  action  of  friction. 

One  might  ask  why  it  is  that  if  the  diverging 
anticyclones  act  as  primary’  sources  of  kinetic  energy, 
they  are  not  the  scenes  of  major  activity.  Actually, 
however,  the  generation  process  cannot  be  present 
in  such  systems  without  the  simultaneous  operation 
of  the  transfer  processes.  If  divergence  exists  in  an 
anticyclone,  the  peripheral  outward  motion  results  in 
a  rapid  outward  flow  of  kinetic  energy  through  work 
done  by  pressure  forces  and  through  advection. 

We  have  made  the  tacit  assumption  in  the  develop¬ 
ment  given  above  that  the  “frictional”  term  D  leads 
to  a  dissipation  of  kinetic  energy.  If  only  molecular 
viscosity  and  small-scale  turbulent  viscosity  are  in¬ 
cluded  in  this  term  the  assumption  is  undoubtedly 
valid.  However,  if  relatively  large-scale  eddies  and 
other  large  features  of  the  atmospheric  motions  are 
included  in  the  form  of  a  gross  turbulence  as  distin¬ 
guished  from  the  remaining  mean  motion,  it  is  ap¬ 
parent  that  the  quantity  D  may  then  embrace  energy- 


producing  systems  and  it  is  |>ossiblc  that  it  may  change 
sign.  Thus,  for  example,  if  only  the  average  zonal 
circulation  of  the  atmosphere  l>e  considered  as  the 
true  mean  motion  so  that  the  cyclones,  anticyclones 
and  other  nonzonal  motions  appear  as  turbulence, 
there  is  no  clear  a  priori  reason  for  assuming  that  the 
term  D  represents  a  dissipation. 

Finally,  it  is  interesting  to  compare  the  results  ob¬ 
tained  herewith  those  of  Margules  (1905)  in  his  classic 
paper,  "On  the  energy  of  storms."  Very  broadly  speak¬ 
ing  the  two  approaches  deal  with  essentially  the  same 
process.  We  have  simply  enlarged  the  “chamber” 
containing  the  gas  used  by  Margules  so  as  to  include 
the  whole  atmosphere.  Furthermore,  whereas  Mar¬ 
gules  considered  a  discrete  process,  we  have  replaced 
it  by  a  continuous  one  and  restricted  our  attention  to 
the  production,  redistribution,  and  dissipation  of 
kinetic  energy  of  horizontal  motions  only.  Also,  we 
have  recognized  that  under  these  circumstances  the 
pressure  multiplied  by  the  horizontal  divergence  is  the 
measure  of  the  rate  at  which  other  forms  of  energy 
such  as  (>otcntial  and  internal  energy  are  being  con¬ 
verted  into  kinetic  energy.’  When  the  divergence  is 
negative  the  sense  of  this  conversion  process  is  re¬ 
versed.  It  should  be  noted  that  this  result  is  inde¬ 
pendent  of  the  physical  nature  of  the  "working  sub¬ 
stance,"  which  might  indeed  be  partly  liquid  (or  even 
solid),  with  the  gaseous  and  liquid  com|>onents  under¬ 
going  changes  of  phase.  The  result  therefore  auto¬ 
matically  embraces  the  consequence  of  all  condensa¬ 
tion  phenomena  insofar  as  they  contribute  to  the 
horizontal  kinetic  energy. 
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In  the  issue  of  the  Journal  for  October  1948  there 
appeared  an  article  entitled  "On  the  production  of 
kinetic  energy  in  the  atmosphere,"  written  under  my 
authorship.  Since  that  time  it  has  occurred  to  me  that 
certain  principles  set  forth  in  the  paper  are  capable  of 
further  elalioration  leading  to  a  better  insight  concern¬ 
ing  the  nature  of  the  general  circulation  and  its  relation 
to  the  so-called  secondary  circulations. 

It  was  (minted  out  in  the  article  mentioned  that  a 
transfer  of  kinetic  energy  of  horizontal  motions  across 
the  Imundary  of  a  region  which  is  not  mechanically 
closed  may  lie  brought  about  by  advection  of  existing 
kinetic  energy  and  through  the  work  clone  by  pressure 
forces  in  virtue  of  tile  components  of  horizontal  ve¬ 
locity  across  the  boundary.  Thus,  if  one  considers  a 
symmetrical  jiolar  cap  extending  from  the  north  pole 
to  some  middle  latitude  <t>  and  embracing  the  entire 
verti.  al  extent  of  the  atmosphere,  the  expression  for 
the  transfer  of  kinetic  energy  across  the  vertical 
southern  boundary  at  the  latitude  <p  is 

J*  (1  pIVp  +  pv)ds  ~  J  pvds  =  —  J  pTvds, 

where  ds  is  an  element  of  area,  R/m  is  the  gas  constant 
for  air.  and  T  is  the  absolute  temperature,  while  the 
other  symliols  have  the  same  significance  as  previ¬ 
ously.  The  approximate  equality  of  the  first  two  inte¬ 
grals  is  based  upon  the  fact  that  the  advection  of 
kinetic  energy  in  the  atmosphere  is  of  a  smaller  order 


of  magnitude  than  the  contribution  of  the  term  /*- 
except  possibly  at  very  high  levels.  The  final  ferm 
depends  also  upon  the  feasibility  of  applying  the  ic.  ,d 
equation  of  state  to  the  atmosphere.  If  these  simpli¬ 
fications  are  accepted,  the  following  observations  may 
he  made. 

The  last  integral  is  proportional  to  the  advectior  <  if 
internal  heat  energy  northward,  and  hence  is  in  all 
probability  positive.  This  would  indicate  that  thin 
is  normally  a  poleward  flow  of  kinetic  energy  across 
middle  latitudes  from  the  tropics  and  subtropics  whn  li 
apparently  serve  as  important  source  regions  for  sin  h 
energy.  Since  this  flow  must  cease  as  the  polar  regi-ns 
are  approached,  it  follows  that  the  cyclone  belts  in 
middle  and  polar  latitudes  serve  as  dissipative  media 
nisms  for  this  kinetic  energy  through  friction  ami 
through  the  horizontal  convergence  present  in  them 

It  is  a  matter  of  common  synoptic  experience  that 
an  cxtratropical  cyclone  is  more  apt  to  intensify,  if 
there  is  a  relatively  large  contrast  in  the  heat  advection 
on  its  eastern  and  western  sides.  According  to  Hie 
present  discussion  it  is  not  essential  that  the  increase 
of  kinetic  energy  in  such  cases  be  produced  in  situ 
through  conversion  from  other  forms  of  energy.  1  In- 
intensification  may  be  brought  about  through  the  in¬ 
creased  local  poleward  transport  of  kinetic  encigy 
from  the  general  source  region  in  lower  latitudes,  .is 
measured  by  the  large  net  local  heat  transport  pole- 
ward. 
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INTRODUCTION 

Theoretical  hydrodynamics  and  thermodynamics 
furnish  the  basic  equations  of  energy  which  in  the  end 
must  describe  the  energy  transformations  which  take 
place  in  the  atmosphere.  These  equations  in  themselves 
are  not  capable  of  furnishing  a  sufficient  rational  ex¬ 
planation  of  the  causes  of  atmospheric  processes,  but 
nevertheless  provide  a  guide  to  systematic  exploration 
for  purposes  of  finding  empirically  important  facts  con¬ 
cerning  the  behavior  of  the  atmosphere.  Thus  their 
utility  is  much  enhanced  if  consideration  is  given  to 
observational  data. 

The  most  important  problem  which  confronts  us  in 
such  an  effort  is  therefore  not  one  of  merely  stating  the 
several  pertinent  equations  in  a  formally  complete  man¬ 
ner,  but  rather  one  of  discussing  atmospheric  processes 
as  given  by  observations  in  terms  of  these  relationships. 
To  this  end  the  principles  involved  must  be  moulded 
and  recast  in  such  a  form  as  to  permit  the  desired  appli¬ 
cations  to  be  made.  In  this  procedure  the  failure  to  give 
proper  cognisance  to  the  special  circumstances  charac¬ 
teristic  of  the  atmospheric  processes  dealt  with  can 
only  lead  to  endless  complications  and  needless  con¬ 
fusion. 

Much  of  what  has  been  written  concerning  this  sub¬ 
ject  has  been  deficient  in  two  respects.  In  the  first  place, 
investigators  have  been  prone  to  lump  together  various 
diverse  forms  of  energy,  thereby  losing  the  advantages 
to  be  gained  from  the  fact  that  each  form  of  energy  is 
produced  from  and  converted  to  other  forms  in  its  own 
characteristic  fashion,  permitting  individual  study. 
Likewise  for  each  form  there  exist  specific  modes  of 
transfer  and  redistribution.  Unless  these  specific  char¬ 
acteristics  are  subject  to  scrutiny  in  detail,  only  very 
broad  generalisations  can  be  reached.  Even  here,  howr- 
ever,  the  implications  of  the  balance  of  total  energy  for 
the  globe  have  not  yet  been  studied  in  sufficient  detail 
as  will  be  discussed  later. 

In  the  second  place,  the  modes  of  energy  transfer 
within  the  atmosphere  are  so  effective  that  no  feature 
such  as  a  cyclone  can  be  treated  independently  without 
due  allowance  for  exchanges  of  energy  between  it  and 
the  remaining  atmosphere.  It  is  therefore  inappropriate 
to  treat  such  a  feature  as  in  any  sense  a  closed  system. 
Modern  trends  are  beginning  to  give  proper  cognizance 
to  this  circumstance,  although  much  of  the  too 
restricted  point  of  view  permeates  meteorological 
thought. 

In  the  present  discourse  only  certain  phases  of  the 
subject  are  discussed  by  way  of  illustrating  a  general 
approach.  Thus  the  discussion  which  follows  treats 
only  the  global  balance  of  kinetic  energy  as  an  example 


of  the  study  of  one  individual  form  of  energy.  In  the 
last  section  the  total  energy  balance  is  re-examined.  It 
is  of  course  true,  as  has  already  been  stated,  that  it  is 
also  possible  to  study  the  global  balance  of  other  in¬ 
dividual  forms  of  energy  such  as  geopotential  and  in¬ 
ternal  heat  energy.  A  beginning  in  this  direction  has 
been  made  by  Van  Mieghem  (10J. 

GLOBAL  BALANCE  OF  KINETIC  ENERGY 

General  Considerations.  One  of  the  basic  problems 
in  the  science  of  meteorology  relates  to  the  manner  in 
which  thermal  energy  received  by  the  atmosphere 
through  short-wave  solar  radiation  becomes  in  part 
transformed  into  kinetic  energy  of  motion  relative  to 
the  rotating  earth.  Plausible  estimates  show  that  the 
fraction  of  the  total  energy  so  transformed  is  very 
small,  but  must  nevertheless  be  sufficient  to  account 
for  all  air  motions,  in  the  absence  of  any  other  signifi¬ 
cant  energy  sources.  Since  the  kinetic  energy  of  orga¬ 
nized  motions  is  continually  degraded  and  ultimately 
dissipated  by  turbulence  and  viscosity,  the  process  of 
kinetic  energy  production  must  be  a  continuous  one 
with,  probably,  certain  fluctuations  about  a  mean  rate 
when  the  whole  atmosphere  is  considered.  The  purpose 
of  this  discussion  is  to  examine  this  production  process 
from  a  hydrodynamieal  point  of  view. 

Changes  in  the  kinetic  energy  of  a  particle  or  system 
of  particles  can  result  only  from  the  action  of  mechani¬ 
cal  forces,  and  hence  the  rate  of  kinetic-energy  produc¬ 
tion  can  be  discussed  in  terms  of  the  joint  action  of 
such  forces  and  the  kinematics  of  existing  motions.  In 
this  light  it  is  not  essential  to  inquire  how  systems  of 
such  forces  and  such  motions  in  the  atmosphere  are  re¬ 
lated  to  the  thermodynamical  processes  which  are  ulti¬ 
mately  responsible  for  their  existence.  In  order  to  dem¬ 
onstrate  the  particular  point  in  question  as  simply  as 
possible  we  shall  first  consider  an  example  of  fluid  mo¬ 
tion  under  circumstances  which  are  somewhat  artificial, 
but  which  still  have  theoretical  interest.  In  view  of  the 
fact  that  the  kinetic  energy  of  vertical  motions  in  the 
atmosphere  is  very  small  compared  with  the  kinetic 
energy  of  the  large-scale  horizontal  motions  we  shall 
consider  only  the  latter. 

The  approach  used  is  one  suggested  by  the  beautiful 
classic  paper  of  Osborne  Reynolds  [6]  entitled  “On  the 
Dynamical  Theory  of  Incompressible  Viscous  Fluids 
and  the  Determination  of  the  Criterion.”  Since  Reyn¬ 
olds  was  concerned  only  with  the  dissipation  of  kinetic 
energy,  his  treatment  must  be  modified  in  order  to 
envisage  also  the  process  which  creates  kinetic  energy. 
For  this  reason  his  assumption  of  incompressibility  will 
be  abandoned.  Also,  our  restriction  to  the  study  of  the 
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kinetic  energy  of  horizontal  motions  introduces  certain 
changes,  although  these  changes  are  not  actually  in  the 
nature  of  approximations. 

Study  of  a  Simple  System,  Let  it  be  supposed  that  a 
mass  of  gas  is  confined  in  a  chamber  with  a  plane  bot¬ 
tom  and  vertical  walls,  under  the  action  of  gravity 
which  we  assume  to  be  acting  vertically  downward.  If 
the  chamber  is  of  sufficiently  great  height,  it  is  not 
necessary  that  it  have  a  top.  Likewise,  the  gas  need 
not  be  an  ideal  one,  since  for  the  time  being  no  use 
will  be  made  of  an  equation  of  state.  Coriolis  forces 
will,  for  the  present,  be  omitted.  Let  it  be  supposed 
further  that  the  gas  is  in  some  state  of  motion  induced 
by  differential  heating  and  cooling. 

If  we  take  x,  y,  and  2  to  be  a  Cartesian  coordinate 
system  with  the  positive  2-axis  vertical,  we  may  write 
the  equations  of  motion  for  the  horizontal  directions  in 
the  form 


du 

dt 

do 

It 


+i Pa, 


+  F,. 


(1) 


Here  u  and  v  are  the  velocity  components  in  the  direc¬ 
tions  x  and  y,  p  is  the  density;  p  the  pressure;  t  time; 
and  F ,  and  Ft  are  the  components  of  the  viscous  forces 
in  the  x  and  y  directions.  Generally  speaking,  the  mo¬ 
tions  in  the  chamber  might  be  turbulent.  If  we  wish  to 
regard  the  dependent  variables  in  equations  (1)  as  rep¬ 
resenting  mean  values  free  of  the  turbulence  compo¬ 
nents,  we  shall  assume  that  the  only  change  necessary  is 
to  include  eddy-stress  effects  in  the  quantities  F„  F„ 
after  the  manner  of  Reynolds.  More  will  be  said  con¬ 
cerning  this  point  later. 

The  kinetic-energy  equation  corresponding  to  the 
system  (1)  is 


dVl  d  Vl  d  Vl 


dt  2 


dx  2 


,  d  Vl  (  dp  ,  dp\ 

+  wi!  - -\“T*  +  Vry)- 


(2) 


We  use  the  symbol  d  to  represent  the  rate  at  which 
the  turbulence  and  viscosity  are  decreasing  the  kinetic 
energy  per  unit  volume,  and  =  u1  -j-  v*.  It  is  possi¬ 
ble  to  rewrite  (2)  in  the  following  form: 

dE  SEu  ,  dEv  ,  dBto 

dt  dx  dy  dz 

/  x  /  x  <3> 

-  -f^  +  ^  +  pf-  +^-d, 

\  dx  dy )  F  \dx  dy/ 


where  use  has  been  made  of  the  continuity  equation 


df>  4.  dPu  .1  1  dPw  B  0 

dt  dx  dy  dz 


(4) 


which  in  any  case  must  be  true,  and  where  E  =  %  V* 
is  the  horizontal  kinetic  energy  per  unit  volume.  The 
quantity  represented  by  the  last  three  terms  on  the 


left-hand  side  of  (3)  is  the  divergence  of  the  (three- 
dimensional)  kinetic  energy  transport  vector  EV.  The 
quantity  in  the  first  parenthesis  on  the  right  is  the  di¬ 
vergence  of  the  horizontal  vector  pV*.  If  equation  (3) 
is  integrated  over  an  arbitrary  volume,  both  of  these 
quantities  may  lie  represented  as  surface  integrals  with 
the  aid  of  the  divergence  theorem.  Thus,  if  the  limits 
are  fixed,  we  may  write 

UttEdxdyd2 

=»  [  EVU  dS  —  JJ  p(vdx  —  udy)  dz 

+  fffp(&  +  £)dxdlfd* 

-  JJJ  d  dx  dy  dz, 


where  Vn  is  taken  to  be  the  inward  component  of  veloc¬ 
ity  at  the  boundary,  and  dS  is  a  surface  element. 

Equation  (5)  may  now  be  given  the  following  inter¬ 
pretation.  The  total  horizontal  kinetic  energy  (T)  in  a 
fixed  region  may  be  changing  in  consequence  of: 

1.  An  advection  of  new  fluid  having  kinetic  energy 
across  the  boundary.  This  is  represented  by  the  term 

A  «=  J  EVn  dS .  This  is  then  one  mode  of  redistribution 

of  kinetic  energy. 

2.  The  performance  of  work  by  pressure  forces  at 
the  boundary  in  virtue  of  the  displacements  due  to  the 
horizontal  velocity  components.  This  is  represented  by 

the  term  W  =  —  JJ  p(v  dx  —  u  dy)  dz.  This  is  a  sec¬ 
ond  mode  of  redistribution  of  kinetic  energy. 

3.  A  production  of  kinetic  energy  within  the  volume 
itself.  This  is  represented  by  the  term 

S  =  fffP(li+£)dxdyd*’ 

which  contains  the  primary  source  of  kinetic  energy. 

4.  The  action  of  frictional  forces.  This  effect  would 
ordinarily  consist  of  a  dissipation  and  is  represented  by 

the  term  D  —  JJJ  d  dx  dy  dz. 

If  the  limits  of  integration  include  all  of  the  fluid  in 
the  fixed  chamber,  it  is  clear  that  the  surface  integrals 
must  vanish,  so  that  in  a  mechanically  dosed  system  (5) 
reduces  to 


~  =  S  -  D.  (6) 

Since  for  such  a  system  the  frictional  effect  would  ordi¬ 
narily  lead  to  dissipation,  it  follows  that  S  must  be 
positive  if  the  total  horizontal  kinetic  energy  £  is  to 
remain  constant  or  increase.  If  a  more  or  lees  constant 
amount  of  kinetic  energy  is  to  be  present,  the  dissipa¬ 
tion  must  be  balanced  by  a  corresponding  positive 
average  rate  of  production. 
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The  production  S  may  be  looked  upon  aa  the  integral 
of  the  contributions  from  the  various  horizontal  layers 
of  fluid  present  and  written  as 

*-/[//>< S  +  s)**]*  « 

In  view  of  the  fact  that  the  surface  integral 


must  vanish  if  the  horizontal  velocity  is  zero  across 
the  fixed  walls,  it  follows  that  a  given  horizontal  stratum 
of  fluid  cannot  give  a  positive  contribution  to  S  unless 
larger  values  of  the  pressure  p  are  associated  with  areas 
of  horizontal  divergence  than  are  associated  with  areas 
of  convergence.  Thus  areas  of  horizontal  divergence 
represent  primary  kinetic  energy  sources,  while  areae 
of  convergence  represent  sinks  for  kinetic  energy. 
Furthermore,  in  a  mechanically  closed  system  of  the 
kind  here  considered  it  is  impossible  to  have  source 
regions  for  kinetic  energy  without  at  the  same  time 
having  sinks  of  a  hydrodynamic  nature,  entirely  inde¬ 
pendent  of  frictional  effects. 

Equations  for  the  Atmosphere.  Before  embarking 
upon  a  discussion  of  the  meteorological  implications  of 
the  material  presented  above,  it  is  desirable  to  develop 
the  concepts  involved  in  more  general  terms,  so  as  to 
render  it  possible  to  perform  integrations  over  the  entire 
mass  of  the  atmosphere. 

To  a  sufficiently  close  degree  of  approximation  the 
shape  of  the  gcopotcntial  surfaces  may  bo  considered 
as  spherical  so  that  we  may  make  use  of  spherical  polar 
coordinates  in  which  r  is  the  radius,  <t>  is  latitude,  and 
X  is  longitude.  By  analogy  with  the  Cartesian  case  we 
may  then  write  the  equations  of  motion  for  the  hori¬ 
zontal  directions  (sec  Brunt  [2])  in  the  form 


^  —  tan  <t>  +  —  +  2tl(is  cos  $  —  v  sin  4>) 

dt  r  r 

p  dx 


^  +  —  tan  4>  +  —  +  2flu  sin  <f> 
dt  r  r 


1  dp 

p  dy 


(8) 


where  «,  t>,  and  w  are  the  linear  velocity  components 
in  the  eastward,  northward,  and  upward  directions, 
respectively;  x  and  y  are  measures  of  linear  distance 
eastward  and  northward,  respectively;  and  U  is  the 
angular  velocity  of  the  earth.  The  analogous  energy 
equation  in  this  case  may  be  written  as 

p-^^  +  p  —  io  +  2 fUluw  cos  <t> 


d?u  4. 

<  dx  dy 


—  —  tan  ♦  ] 


,  (du  .  dv  v. 

+  p  {  —  +  - - tan  $ 

\dx  dy  r 


(9) 


■)■* 


If  we  make  use  of  the  observational  fact  that  the  last 
two  terms  on  the  left-hand  side  of  (9)  are  of  a  very 
small  order  of  magnitude,  these  terms  will  be  dropped.' 
The  manipulation  of  the  remaining  term  on  the  left 
side  may  now  be  carried  out  with  the  aid  of  the  con¬ 
tinuity  equation  much  as  before,  since  this  operation  is 
independent  of  the  specific  coordinate  system  used,  so 
that  we  may  write 


+  div,  EV  -  -div,  PV*  +  P  div,  V*  -  d.  (10) 

4  at 

A  volume  integral  of  (10)  may  now  be  taken  and  written 
in  the  form 


j  J  Edr  «*  J  EVH  dt  -  JJ  p(v  dx  —  u  dy)  dr 
J  p  divt  V*  Jr  —  J  d  dr, 


(ID 


where  Jr  is  a  volume  and  ds  a  surface  element.  Equa¬ 
tion  (11)  is  physically  identical  with  (5)  and  has,  there¬ 
fore,  the  same  interpretation.  In  symbolic  form  we 
may  write 

-  A  +  W  +  S  —  D,  (12) 

which  states  that  the  rate  of  increase  of  horizontal 
kinetic  energy  for  a  fixed  volume  is  equal  to  the  net 
rate  of  advection  of  such  kinetic  energy  into  the  region, 
plus  the  rate  at  which  work  is  being  done  by  the  sur¬ 
roundings  on  the  fluid  in  the  region  through  horizontal 
motions,  plus  the  production  of  kinetic  energy  in  the 
volume,  minus  the  frictional  dissipation.  For  a  system 
which  is  mechanically  closed,  A  and  W  again  vanish. 
This  is  therefore  true  when  the  entire  atmosphere  is 
considered.  In  this  case  the  surface  integral  of  the  hori¬ 
zontal  divergence  over  each  closed  geopotential  surface 
must  vanish  as  in  the  case  of  the  chamber  previously 
considered. 

Although  it  is  possible  to  form  other  energy  integrals 
for  fluid  motion,  as  pointed  out  in  standard  texts  on 
hydrodynamics  ( e.g .,  [1)),  the  particular  merit  of  the 
procedure  followed  above  is  that  the  expression  for 
production  of  kinetic  energy  assumes  a  form  which  is 
of  interest  in  meteorological  problems.  The  implica¬ 
tions  of  equation  (12)  may  be  stated  in  brief  as  follows: 

1 .  The  intensity  of  the  primary  source  of  horizontal 
kinetic  energy  at  a  given  point  in  the  atmosphere  is 
given  by  the  product  of  the  pressure  and  the  divergence 
of  the  horizontal  velocity. 

2.  Positive  primary  sources  must  always  occur  in 
combination  with  negative  sources  or  sinks  independ- 


I.  In  reality  these  terms  represent  a  conversion  of  kinetic 
energy  of  horizontal  motions  into  kinetic  energy  of  vertical 
motions,  and  as  such  do  not  involve  a  production  of  kinetic 
energy.  Indeed,  by  methods  similar  to  those  used  in  this  paper 
one  can  investigate  separately  the  kinetic  energy  of  motions 
in  each  of  the  three  directions,  namely,  zonal,  meridional,  and 
vertical.  In  that  case  other  conversion  terms  of  a  similar  nature 
arise. 
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ent  of  frictional  effects,  when  the  entire  atmosphere  is 
considered. 

3.  In  addition  to  the  action  of  the  sources  and 
frictional  effects,  the  horizontal  kinetic  energy  in  a 
fixed  region  not  embracing  the  entire  atmosphere  may 
change  due  to  advection  of  kinetic  energy  across  the 
boundary  and  due  to  the  redistribution  of  kinetic  energy 
tb rough  the  boundary  by  work  done  by  pressure  forces 
and  horizontal  velocity  components  at  the  boundary. 

From  the  standpoint  of  the  general  circulation  it 
would  appear  tliat  the  sources  of  kinetic  energy  are  to 
be  found  in  the  regions  of  horizontal  divergence.  The 
net  contribution  from  a  given  level  results  from  the 
fact  that  areas  of  divergence  generally  occur  at  a 
different  pressure  than  do  the  areas  of  convergence. 
Thus  at  lower  levels  it  is  common  for  horizontal  di¬ 
vergence  to  be  present  in  anticyclonic  areas  while  con¬ 
vergence  takes  place  in  cyclonic  areas,  the  net  result 
being  positive.  We  do  not  as  yet  have  sufficient  obser¬ 
vational  material  concerning  the  distribution  of  di¬ 
vergence  at  higher  levels,  but  the  fact  that  the  pressure 
decreases  with  elevation  would  seem  to  indicate  that 
the  importance  of  the  higher  levels  rapidly  diminishes. 
Generally  speaking,  it  would  thus  appear  that  the 
energy  sources  for  the  general  circulation  are  to  be 
found  principally  in  the  subtropical  high-pressure  cells, 
the  migratory  polar  anticyclones,  and  the  subsiding 
cap  of  cold  air  over  the  polar  regions.  From  these 
primary  centers  the  kinetic  energy  is  continually  trans¬ 
ferred  to  the  cyclonic  areas  with  convergence  which 
act  as  sinks  in  addition  to  the  action  of  friction. 

One  might  ask  why  it  is  that  if  the  diverging  anti¬ 
cyclones  act  as  primary  sources  of  kinetic  energy,  they 
are  not  the  scenes  of  major  activity.  Actually,  however, 
the  generation  process  cannot  be  present  in  such  systems 
without  the  simultaneous  operation  of  the  transfer  pro¬ 
cesses.  If  divergence  exists  in  an  anticyclone,  the  periph¬ 
eral  outward  motion  results  in  a  rapid  outward  flow  of 
kinetic  energy  through  work  done  by  pressure  forces 
and  through  advection. 

It  was  pointed  out  that  a  transfer  of  kinetic  energy 
of  horizontal  motions  across  the  boundary  of  a  region 
which  is  not  mechanically  closed  may  be  brought  about 
by  advection  of  existing  kinetic  energy  and  through 
the  work  done  by  pressure  forces  in  virtue  of  the  com¬ 
ponents  of  horizontal  velocity  across  the  boundary. 
Thus,  if  one  considers  a  symmetrical  polar  cap  extend¬ 
ing  from  the  north  pole  to  some  middle  latitude  <t>  and 
embracing  the  entire  vertical  extent  of  the  atmosphere, 
the  expression  for  the  transfer  of  kinetic  energy  across 
the  vertical  southern  boundary  at  the  latitude  <t>  is 

J  (HpVlv  +  pv)  ds  J  pv  ds  -  ^  J  pTv  ds,  (13) 

where  ds  is  an  element  of  area,  R/m  is  the  gas  constant 
for  air,  and  T  is  the  absolute  temperature,  while  the 
other  symbols  have  the  same  significance  as  previously. 
The  approximate  equality  of  the  firat  two  integrals 
is  based  upon  the  fact  that  the  advection  of  kinetic 
energy  in  the  atmosphere  is  of  a  smaller  order  of  magni¬ 


tude  than  the  contribution  of  the  term  pc  except  pos¬ 
sibly  at  very  high  levels.  The  final  form  depends  also 
upon  the  feasibility  of  applying  the  ideal  equation  of 
state  to  the  atmosphere.  If  these  simplifications  are 
accepted,  the  following  observations  may  be  made. 

The  last  integral  is  proportional  to  the  advection 
of  internal  heat  energy  northward,  and  hence  is  in  all 
probability  positive.  This  would  indicate  that  there  is 
normally  a  poleward  flow  of  kinetic  energy  across  middle 
latitudes  from  the  tropics  and  subtropics  which  ap¬ 
parently  serve  as  important  source  regions  for  such 
energy.  Since  this  flow  must  cease  as  the  polar  regions 
are  approached,  it  follows  that  the  cyclone  belts  in 
middle  and  polar  latitudes  servo  as  dissipative  mecha¬ 
nisms  for  this  kinetic  energy  through  friction  and 
through  the  horizontal  convergence  present  in  them. 

It  is  a  matter  of  common  synoptic  experience  that 
an  extratropical  cyclone  is  more  apt  to  intensify  if 
there  is  a  relatively  large  contrast  in  the  heat  advection 
on  its  eastern  and  western  sides.  According  to  the 
present  discussion,  it  is  not  essential  that  the  increase 
of  kinetic  energy  in  such  cases  be  produced  in  situ 
through  conversion  from  other  forms  of  energy.  The 
intensification  may  be  brought  about  through  the  in¬ 
creased  local  poleward  transport  of  kinetic  energy 
from  the  general  source  region  in  lower  latitudes,  as 
measured  by  the  large  net  local  heat  transport  pole¬ 
ward. 

Wc  have  made  the  tacit  assumption  in  the  develop¬ 
ment  given  above  that  the  “frictional”  term  D  leads 
to  a  dissipation  of  kinetic  energy.  If  only  molecular 
viscosity  and  small-scale  turbulent  viscosity  are  in¬ 
cluded  in  this  term,  the  assumption  is  undoubtedly 
valid.  However,  if  relatively  large-scale  eddies  and 
other  large  features  of  the  atmospheric  motions  are 
included  in  the  form  of  a  gross  turbulence  as  distin¬ 
guished  from  the  remaining  mean  motion,  it  is  apparent 
that  the  quantity  D  may  then  embrace  energy-produc¬ 
ing  aystems  and  it  is  possible  that  it  may  change  sign. 
Thus,  for  example,  if  only  the  average  zonal  circulation 
of  the  atmosphere  be  considered  as  the  true  mean  mo¬ 
tion  so  that  the  cyclones,  anticyclones,  and  other  non- 
zonal  motions  appear  as  turbulence,  there  is  no  clear 
a  priori  reason  for  assuming  that  the  term  D  represents 
a  dissipation. 

Finally,  it  is  interesting  to  compare  the  results  ob¬ 
tained  here  with  those  of  Margules  [5]  in  his  classic 
paper,  “On  the  Energy  of  Storms.”  Very  broadly  speak¬ 
ing,  the  two  approaches  deal  with  essentially  the  same 
process.  We  have  simply  enlarged  the  “chamber”  con¬ 
taining  the  gas  used  by  Margules  so  as  to  include  the 
whole  atmosphere.  Furthermore,  whereas  Margules  con¬ 
sidered  a  discrete  process,  we  have  replaced  it  by  a 
continuous  one  arid  restricted  our  attention  to  the 
production,  redistribution,  and  dissipation  of  kinetic 
energy  of  horizontal  motions  only.  Also,  we  have  recog¬ 
nized  that  under  these  circumstances  the  pressure  multi¬ 
plied  by  the  horizontal  divergence  is  the  measure  of  the 
rate  at  which  other  forms  of  energy  such  as  potential 
and  internal  energy  are  being  converted  into  kinetic 
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energy.3  When  the  divergence  ia  negative  the  arose  of 
this  conversion  process  ia  reversed.  It  should  be  noted 
that  this  particular  result  is  independent  of  the  physical 
nature  of  the  “working  substance,”  which  might  indeed 
be  partly  liquid  (or  even  solid),  with  the  gaseous  and 
liquid  components  undergoing  changes  of  phase.  The 
result  therefore  automatically  embraces  the  conse* 
quenee  of  ail  condensation  phenomena  insofar  as  they 
contribute  to  the  horizontal  kinetic  energy. 

GLOBAL  BALANCE  OF  TOTAL  ENERGY 

Basic  Equations.  Thus  far  we  have  found  it  con¬ 
venient  to  deal  with  the  kinetic  energy  problem  alone, 
since  this  quantity  can  be  changed  only  by  mechanical 
forces,  and  hence  may  be  studied  separately  in  terms 
of  the  systems  of  such  forces  considered  as  given  by 
observational  data.  However  the  problems  connected 
with  the  total  global  energy  balance  must  in  the  end 
be  of  significance  in  the  further  understanding  of  at¬ 
mospheric  and  oceanic  circulations.  For  this  reason 
we  shall  now  attempt  to  formulate  certain  relationships 
involved  in  this  more  general  subject. 

Proceeding  along  more  classical  lines,  let  us  consider 
the  statement  of  the  general  physical  energy  equation 
written  in  the  form 


p*l  +  + 

pdt  T  * 


dU  ,  da 
pdi  +  ppdi 


P<b 

P  dt 


(14) 


Here  p  dq/dt  is  the  rate  of  external  heat  addition  per 
unit  volume,  U  is  the  total  internal  energy  per  unit, 
mass,  a  =a  1/p  is  the  specific  volume,  is  the  rate  of 
generation  of  heat  by  friction  per  unit  volume,  while 
the  other  symbols  have  already  been  defined.  With  the 
aid  of  the  continuity  equation 

~  +  pV  c  .  0,  (15) 


where  c  is  the  total  vector  particle  velocity,  we  may 
write  that 


p(~di  **■  ^  =  P “jjr  +  pY-c.  (16) 

We  next  proceed  to  evaluate  the  last  term  in  (16)  from 
the  dynamical  equation  of  motion  written  in  vectorial 
form  as  follows: 

P<M  ~  ~^P  ~  p ^  ~  2p°  x  c  ~  (17) 

where  $  is  geopotential  energy  per  unit  mass,  C  is  the 
constant  angular  velocity  of  the  earth’s  rotation,  and  F 
is  the  vectorial  retarding  force  per  unit  volume  due  to 
friction. 

The  scalar  product  of  (17)  with  the  particle  velocity 


2.  It  is  worthy  of  note  that  the  present  treatment  gives  no 
information  as  to  whether  the  bulk  of  the  kinetic  energy  gen¬ 
erated  ir.  the  atmosphere  repress  u  la  a  conversion  from  geo- 
potential  energy  or  whether  it  represents  a  conversion  directly 
from  internal  beat  energy. 


yields  the  corresponding  equation  of  energy  which  raay 
be  written  after  slight  rearrangement  as 


d  c* 
P  dt  2 


pV-c  —  V- pc  —  V-pfr c  4-  4>V-pc  —  cL  (18) 


In  (18),  c  is  the  magnitude  of  c,  and  d  as  c  -  F  is  the  rate 
at  which  work  is  done  by  the  Quid  against  frictional 
forces  per  unit  volume.  Assuming  tliat  the  geopotential 
<t>  is  constant  with  time  at  a  fixed  point  with  respect  to 
the  earth  (this  is  true  except  for  such  things  as  the 
small  tide-producing  disturbances),  we  may  write,  with 
the  aid  of  the  continuity  equation  in  the  form 

%  +  v-gc  -  o,  m 

ot 

that 

4-Vpc  *  GrfO.  (20) 

at 


Using  (18)  and  (20),  we  can  now  rewrite  (16)  in  the 
form 


dq  ,  ,  ,  d 

p_ 


(V  +  0 


+  ^(p4>)  +  ?(P  +  (*)  C. 

Since  with  the  aid  of  (19)  it  follows  that 

4<  '-TT  +  '-rf  >«• 

we  finally  have  tire  equation 
dq  ,  .  ,  d 


(pU  4*  p  ~  4-  I#) 
u{pV  4-  p  ^  4-  pdf  + 


(21) 


(22) 


The  various  considerations  which  have  entered  into 
the  formulation  of  equation  (22)  are  true  for  any  fluid 
medium  without  significant  approximation.  We  may 
therefore  apply  the  equation  to  the  entire  fluid  enve¬ 
lope  of  the  earth  or  portion  of  it,  making  no  distinction 
between  the  atmosphere  and  the  hydrosphere.  We  can 
thus  integrate  it  over  an  equatorial  belt  between  lati¬ 
tudes  —4>  and  4-<P  and  include  all  bodies  of  water  such 
as  the  oceans,  rivers,  lakes,  etc.  Considering  again  the 
average  conditions  so  that  local  time  variations  disap¬ 
pear  we  have,  with  the  aid  of  the  divergence  theorem, 
that 


H  * 


l('B  +  *-d) 


dr 


/(■ 


pU  4-  p  —  4-  p&  -fi  p 


(23) 


ds. 


where  dr  is  a  volume  element.  Equation  (23)  has  of 
course  a  very  simple  interpretation  and  could  have 
indeed  been  written  directly  from  general  considera¬ 
tions.  If  we  include  under  friction  only  the  effects  of 
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molecular  viscosity  or  of  small-scale  disturbances  which 
can  produce  no  significant  tangential  stresses  at  the 
boundaries  —  d>  and  +d>>  the  contribution  of  the  term 
d  in  the  integral  on  the  left-hand  side  may  be  assumed 
to  represent,  the  mean  rate  of  dissipation  of  kinetic 
energy  into  heat  within  the  equatorial  belt  and  there¬ 
fore  cancels  the  contribution  of  the  term  It  follows 
therefore  that  H  is  the  total  net  rate  of  heating  of  the 
air  in  the  belt.  Equation  (23)  simply  states  that  this 
net  incoming  energy  is  transferred  meridionally  in  the 
form  of  (l)  internal  energy’  pU  per  unit  volume,  (2) 
kinetic  energy’  of  existing  motions  pc1/ 2,  and  (3)  poten¬ 
tial  energy  p4>,  as  well  as  (4)  through  work  done  by 
pressure  forces  p.  We  sliall  refer  to  these  four  items  as 
adveclive  modes  of  energy  transfer. 

It  is  here  assumed  that  there  is  no  advection  of  energy 
through  the  surface  of  the  lithosphere.  This  is  essen¬ 
tially  con-ect  except  for  processes  such  as  volcanism 
and  seismulogicai  phenomena,  but  these  are  deemed  to 
he  too  unimportant  for  the  present  considerations. 
Also  it  is  assumed  that  there  is  no  advection  of  energy 
through  the  top  of  the  atmosphere,  which  therefore 
neglects  the  effect  of  interchange  of  molecules  with 
astronomical  space  and  of  the  mass  accretions  of  me¬ 
teoric  origin.  The  quantity  //,  representing  the  net 
heat  g,;?n  within  the  equatorial  belt  by  processes  other 
than  advection,  may  be  very  closely  identified  with 
the  net  heat  received  through  exchange  of  radiation 
with  the  extraterrestrial  environment.  This  identifica¬ 
tion  neglects  such  processes  as  conduction  of  heat  from 
the  interior  of  the  earth,  which  is  of  appreciable  im¬ 
portance  only  locally  in  connection  with  volcanism,  and 
it  also  neglects  heat  liberated  (or  consumed)  by  net 
progressive  chemical  changes  such  as  oxidation  or  pho¬ 
tosynthesis  proceases.  Net  heat  gain  through  exchange 
of  radiation  with  otho.  portions  of  the  earth  is  likewise 
neglected  All  the  various  corrections  mentioned  are 
however  in  all  probability  insignificant. 

If  we  take  H  to  be  the  net  gain  of  heat  through  ex¬ 
change  of  radiation  with  space,  various  necessarily 
crude  estimates  of  this  quantity  have  been  prepared. 
A  convenient  arrangement  of  one  set  of  such  estimates 
has  been  presented  by  Bjerknes  [1].  As  is  well  known, 
the  estimates  give  positive  values  of  H  for  all  choices 
of  zk$  between  the  equator  and  the  poles  with  a  maxi¬ 
mum  for  about  4>  =  ±45°  latitude.  It  therefore  follows 
that  there  must  be  an  advective  transport  of  energy 
poleward  by  the  combination  of  terms  indicated  in  (23), 
with  a  maximum  at  £  =  ±45°  latitude  in  the  mean. 

It  is  apparent  that  the  important  problem  posed  by 
the  global  energy  balance  concerns  itself  with  the  par¬ 
tition  of  the  poleward  energy  transport  among  the 
several  terms  in  the  integrand  of  the  right-hand  member 
of  equation  (23). 

Discussion.  Unfortunately  our  observational  infor¬ 
mation  concerning  the  problem  posed  by  the  global 
energy  balance  is  very  sketchy  and  incomplete.  We 
shall  nevertheless  endeavor  to  discuss  such  aspects  of 
it  as  are  possible  with  existing  knowledge.  In  the  first 
place,  the  contribution  of  the  hydrosphere  to  the  trans¬ 
fer  integral  is  probably  small  (see  Sverdrup  [9]),  but 


directed  toward  the  poles.  A  reasonable  estimate  of  this 
contribution  would  appear  to  be  about  ten  per  cent  of 
H.  Denoting  this  fraction  by  h,  let  us  next  turn  our 
attention  to  the  state  of  affairs  within  the  atmosphere. 

It  has  been  previously  pointed  out  that  the  advection 
of  existing  kinetic  energy  pd/2  meridionally  is  very 
small,  relatively  speaking.  We  are  therefore  again  justi¬ 
fied  in  omitting  it.  The  infernal  energy  U  may  be 
considered  as  being  the  sum  of  the  internal  heat  energy 
and  the  latent  heat  of  water  vapor.  Since  there  is 
assumed  to  be  practically  no  net  meridional  mass  trans¬ 
port  in  the  atmosphere,  it  will  suffice  to  assume  that 
the  internal  heat  energy  is  given  by  c.T,  c.  being  the 
mean  specific  heat  at  constant  volume.  It  thus  follows 
that  U  fa  c,T  +  tL,  where*  is  the  specific  humidity  and 
L  is  the  latent  heat  of  condensation,  assumed  to  be 
constant.*  The  term  involving  the  work  done  by  pres¬ 
sure  forces  may  again  be  transformed  according  to  the 
ideal  equation  of  state,  and  finally  combined  with  the 
internal  heat-energy  term  using  the  relation  between 
the  specific  heats  of  a  gas.  In  the  end  (23)  may  be 
written  in  the  form 

H  «*  h  +  J  (cr  T  +  tL  -±-  <J>)pv«  da,  (24) 

where  c„,  the  specific  heat  at  constant  pressure,  is 
assumed  to  have  a  constant  mean  value. 

The  contribution  of  the  term  involving  the  latent 
heat  may  be  estimated  from  the  mean  excess  of  evapora¬ 
tion  over  precipitation  in  the  equatorial  belt.  Using 
data  of  this  kind  given  by  Conrad  [3],  the  writer  has 
estimated  that  the  magnitude  of  this  effect  is  about 
one-half  of  H  for  an  equatorial  belt  extending  to  ±40" 
latitude.  Let  us  denote  this  quantity  by  l. 

The  remaining  terms  may  be  examined  os  fallows. 
If  we  write 

pvn  *»  pe.  -f*  {#».},  (25) 

where  p«v  is  the  average  of  pti.  along  the  entire  length 
of  a  closed  latitude  circle  and  (/»,!  is  the  deviation  from 
this  average,  it  is  dear  that  the  identical  vanishing  of 
pc.  implies  absence  of  dosed  mean  meridional  circula¬ 
tions,  while  its  presence  is  required  for  the  existence  of 
such  circulations.  Here  we  neglect  all  topographic  in¬ 
equalities  of  the  earth’s  surface.  In  view  of  the  fact  that 
#  is  constant  along  &  latitude  tirele  at  any  given  eleva¬ 
tion  and  that  (pc,!  is  sero,  it  follows  that  (24)  may  be 
rewritten  in  the  form 


H  *  h  +  I  +  f  c,r(pc.{  da 

+  J  da, 


(26) 


3.  The  latent  heat  as  ordinarily  diacuaeed  ia  the  sum  of  the 
change  in  specific  internal  energy  plua  the  work  done  in  the 
expansion  during  evaporation.  Strictly  speaking,  we  are  here 
concerned  only  with  the  first  quantity,  although  the  difference 
is  not  great  enough  to  be  of  much  significance. 
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where  the  Lust  integral  now  repreaeute  the  contribution 
of  moan  meridional  circulations  of  the  Hadley  type  to 
the  poleward  energy  flux. 

It  should  be  remarked  that,  in  a  stable  atmosphere,  a 
meridional  cell  of  the  so-called  direct  type  produces  a 
poleward  Sow  of  energy,  while  oss  of  the  indirect  type 
produces  a  Sow  in  the  opposite  sense.  This  can  easily 
be  shown  from  the  form  of  the  last  integral  in  (26). 

Very  preliminary  estimates  by  the  writer  of  the  value 
of  the  third  term  on  the  right-hand  side,  made  from 
geoetrophic  wind  data  for  individual  Northern  Hemi¬ 
sphere  maps  for  various  levels  seem  to  suggest  that  this 
coniribtttkm  is  somewhere  in  the  vicinity  of  one -half  of 
H  at  40°N  latitude.  Ail  in  all  it  would  thus  appear  that 
the  contribution  of  the  mean  meridional  circulations 
is  small  or  even  negative  in  middle  latitudes,  although 
very  little  reliance  can  be  placed  on  the  figures  given 
or  on  the  value  of  H  obtained  from  the  data  given  by 
Bjerknes.  Suffice  it  to  say  that  in  all  cases  reasonable 
orders  of  magnitude  are  obtained,  which  in  itself  is 
somewhat  encouraging. 

Concluding  Remarks.  Most  classical  models  for  the 
general  circulation  of  the  atmosphere  have  followed 
along  the  lines  originally  proposed  by  Hadley  [4]  in  that 
they  assume  the  existence  of  large  convectively  driven 
closed  circulations  in  meridional  planes,  at  least  in  the 
average  conditions.  The  development  of  the  mean  zonal 
motions  is  then  ascribed  to  the  effect  of  the  earth's 
rotation  on  these  primary  circulations.  In  such  a  scheme 
the  meridional  circulations  are  a  necessary  mechanism 
in  the  production  of  kinetic  energy.  Also,  according  to 
this  model  the  necessaiy  meridional  transport  of  angular 
momentum  could  be  achieved  if  the  poleward  branches 
of  the  circulations  carry  more  angular  momentum  than 
the  returning  ones  at  other  levels. 

For  a  number  of  reasons  modem  meteorologists  have 
come  to  view  models  of  the  Hadley  type  with  skepti¬ 
cism.  A  discussion  of  the  basis  for  this  current  skepti- 
ciam  has  been  recently  given  by  Rossby  [7].  The  writer 
rather  inclines  to  the  view  that,  although  some  mean 
meridional  circulations  in  all  probability  do  exist,  their 
role  in  the  energy  balance  and  in  the  horizontal  trans¬ 
port  of  angular  momentum,  at  least  in  middle  latitudes, 
may  be  overshadowed  by  the  characteristics  of  other 
types  of  motion.  Thus,  following  an  original  suggestion 
by  Jeffreys,  the  writer  has  pointed  out  elsewhere  [8] 
that  the  transport  of  angular  momentum  could  be 
achieved  through  the  observed  properties  of  horizontal 
motions.  This  contention  has  since  received  a  certain 


amount  of  corroboration  by  the  observational  studies 
of  Widger  {llj. 

The  general  views  expressed  in  the  present  paper 
indicate  that  atmospheric  meridional  circulations  like¬ 
wise  may  not  be  essential  for  the  global  energy  balance. 
Much  more  could  be  said  if  a  more  satisfactory  ap¬ 
praisal  were  available  for  the  magnitudes  of  the  terms 
appearing  in  equation  (26),  since  the  values  given  are 
useful  only  for  purposes  of  orientation.  Further  work 
in  this  direction  is  currently  in  progress  at  the  Mas¬ 
sachusetts  Institute  of  Technology. 
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ON  THE  ENERGY  BALANCE  OF  THE  ATMOSPHERE 

Robert  M.  White 

Abstract- -The  net  radiative  energy  surplus  or  deficit  of  the  atmosphere  in  middle 
and  high  latitudes  is  inferred  from  a  consideration  of  energy  transport  processes  in  the 
atmosphere,  ft  is  shown  that  the  results  are  consistent  with  estimates  made  through 
direct  consideration  of  the  radiative  processes,  thus  providing  an  independent  check  up¬ 
on  them. 

tot  rod  action- -Information  concerning  the  radiation  balance  of  the  atmosphere  may  be  obtained 
indirectly  through  procedures  which  do  not  involve  measurement  of  the  radiative  processes  them¬ 
selves.  Such  determinations  provide  an  independent  estimate  of  the  net  radiative  energy  surplus 
or  deficit  within  given  regions  of  the  atmosphere.  The  orders  of  magnitude  of  the  radiative  sur¬ 
plus  or  deficit  derived  in  this  manner  for  the  mid-latitude  and  polar  regions  are  shown  to  agree 
favorably  with  other  measurements  of  this  quantity  which  are  available  from  direct  consideration 
of  the  radiative  processes. 

The  formulation  of  the  problem  -The  problem  may  be  described  in  the  following  manner,  fa 
the  Earth’s  atmosphere,  a  poleward  flux  of  total  energy  in  ail  forms  is  necessitated  by  the  unequal 
net  heating  of  equatorial  and  polar  regions  in  the  presence  of  a  mean  hemispherical  temperature 
distribution  which  remains  relatively  constant  over  long  periods  of  time.  Let  us  consider  the  en¬ 
tire  volume  of  the  atmosphere  which  is  contained  between  two  latitudes  forming  the  equatorial 
belt  between  +<f>  ar  d  -<t>.  Over  long  time  periods  the  sole  source  of  energy  for  this  region  of  the 
atmosphere  is  the  solar  energy  which  it  receives  from  space  by  radiation.  It  is  generally  agreed 
that  conduction  of  heat  energy  through  the  Earth’s  crust  is  unimportant  for  the  present  problem. 

A  given  amount  of  energy  is  also  lost  from  this  volume  of  the  atmosphere  by  long-wave  radiative 
processes.  The  difference  between  the  amount  of  short-wave  radiative  energy  which  Is  received 
and  the  outgoing  long  wave  radiation  results  In  a  surplus  for  the  equatorial  belt  of  the  atmosphere 
extending  from  approximately  *45“N  to  -45‘S.  Poleward  of  these  latitudes  it  is  generally  con¬ 
sidered  that  there  exists  a  net  radiative  energy  deficit. 

It  is  probable  that  the  energy  storage  within  the  atmosphere,  oceans,  or  solid  earth,  over 
time  periods  of  the  length  which  are  considered  here  is  quite  small  since  there  appears  to  be  no 
progressive  change  of  the  temperature  of  the  atmosphere ,  oceans,  or  solid  earth  during  such 
periods.  Some  energy  storage  within  the  earth- atmosphere  system  may  be  possible  chiring  periods 
of  increase  or  decrease  of  the  polar  ice  caps.  However,  this  effect  should  be  quite  sir  all  since  the 
time  periods  being  considered  aie  much  shorter  than  the  time  between  marked  changes  in  the  ex¬ 
tent  of  the  ice  cap.  It  is  necessary,  therefore,  that  the  radiative  energy  surplus  be  transported 
out  of  equatorial  regions  into  the  regions  of  radiative  energy  deficit. 

STARR  (1951}  has  studied  this  problem  recently  and  has  formulated  it  in  a  convenient  manner 
as  follows 

H  =  h  ±  j" (Cp  T  +  Lw  +  #  +  c2/2)pVds . (1) 

where  H  is  the  net  rate  of  external  heat  addition  to  the  volume  of  air  plus  hydrosphere  which  in 
this  case  may  be  identified  with  the  net  effective  radiation,  h  is  the  energy  flux  within  the  hydro¬ 
sphere,  Cp  is  the  specific  heat  of  air  at  constant  pressure,  T  is  the  temperature,  w  is  the  specific 
humidity,  L  is  the  latent  heat  of  water  vapor  which  may  be  considered  constant  to  this  instance,  $ 
is  the  potential  energy  per  unit  mass  of  air, />  is  the  density,  c  is  the  total  vector  particle  velocity, 
V  is  the  meridional  component  of  velocity  considered  positive  when  the  wind  is  from  the  south,  and 
ds  is  an  element  of  the  conical  surface  erected  at  latitudes  and  the  integration  is  to  be  performed 
over  the  entire  surface.  This  equation  can  be  inferred  directly  from  general  considerations.  How¬ 
ever,  the  reader  is  referred  to  STARR  [1951}  for  a  better  development  of  this  equation  from  the 
genera)  physical  energy  equation  and  the  equations  of  motion.  The  interpretation  of  this  equation 
is  quite  simple.  It  states  that  the  total  flux  of  energy  which  must  be  directed  from  equator  to  pole 
may  be  considered  to  be  comprised  of  a  flux  of  (a)  sensible  heat  CpT/>Vds),  fa)  latent  energy  of 
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water  vapor  if  LwpVds),  (c)  kinetic  energy  if  (pc2/2)  Vds),  (d)  potential  energy  ifipVda), 

and  <*)  a  contribution  due  to  the  poleward  transport  of  energy  by  the  oceans  (h).  Thus  it  becomes 
theoretically  possible  to  arrive  at  estimates  of  the  net  radiative  energy  surplus  within  given  lati¬ 
tude  belts  in  the  atmosphere  by  measuring  the  terms  on  the  right-hand  side  of  (1).  This  method 
of  approach  has  not  been  feasible  untti  very  recent  years  In  view  of  our  inability  to  measure  the 
terms  on  a  hemispherical  basis  with  sufficient  accuracy.  However,  with  an  expanded  network  of 
observing  stations  it  has  now  become  possible  to  make  a  preliminary  attempt  at  measuring  them. 

A  very  real  question  arises  when  attempts  are  made  to  measure  the  meridional  flu*  of  en¬ 
ergy  in  its  various  forms.  This  question  stems  from  the  nature  of  one’s  approach  to  the  mode  of 
operation  of  the  general  circulation.  B  it  is  supposed  that  the  energy  exchanges  of  the  atmosphere 
are  accomplished  by  the  large-scale  horizontal  eddy  motions,  such  as  those  associated  with  eddies 
the  size  of' cyclones  and  anticyclones,  then  it  becomes  feasible  to  measure  the  magnitudes  of  the 
terms  in  ft )  from  hemispherical  maps  of  standard  meteorological  quantities.  If,  on  the  other  hand, 
it  is  supposed  that  the  principal  mode  of  energy  exchange  is  accomplished  through  a  process  which 
in  the  main  depends  upon  the  existence  of  significant  meridional  cells  operating  in  meridional 
planes  so  that  the  energy  exchange  process  is  essentially  a  vertical  mass  exchange  process,  then 
the  problem  becomes  one  of  infinite  complexity  and  difficult  to  compute  from  currently  available 
data  because  of  our  Inability  to  measure  the  magnitude  of  such  cells.  In  the  case  of  the  energy- 
exchange  process  it  is  felt  that  the  large-scale  horizontal  eddy  exchange  processes  are  the  dom¬ 
inant  ones.  In  what  follows  this  assumption  will  be  made. 

The  energy  transport  within  the  oceans  -  -A  certain  amount  of  the  total  energy  transport  is 
accomplished  by  the  currents  of  the  oceans.  In  meteorology  it  is  generally  assumed  that  the 
transport  of  energy  by  ocean  currents  as  Internal  energy  of  the  water  is  quite  small.  SVERDRUP 
(1942)  points  out  that  this  question  has  never  been  thoroughly  examined  principally  because  of 
lack  of  data.  However,  he  agrees  that  when  dealing  with  averages  for  the  entire  Earth  this  as¬ 
sumption  is  essentially  correct.  In  localized  areas,  however,  Sverdrup  points  out  that  the  con¬ 
tribution  of  the  ocean  currents  to  the  total  energy  transport  may  be  as  large  as  ten  per  cent  of 
the  total  transport.  These  regions  are  thought  to  occur  principally  in  middle  latitudes  where  the 
principal  north-south  branches  of  the  ocean  currents  are  found.  He  also  points  out  that  in  the 
southern  oceans  the  north-south  circulations  and  the  corresponding  temperature  contrasts  be¬ 
tween  currents  flowing  meridionally  are  very  small.  In  view  of  this  It  seems  that  no  great  error 
will  be  introduced  if  the  transport  of  energy  by  ocean  currents  Is  neglected  in  what  follows,  since 
great  accuracy  in  the  overall  picture  cannot  in  any  case  be  expected. 

The  transport  of  existing  kinetic  energy--!!  is  generally  accepted  (STARR,  1949]  and  it  can 
be  shown  observational ly ,  as  has  been  done  by  the  author  in  an  unpublished  doctoral  thesis,  that 
the  transfer  of  existing  kinetic  energy  is  about  two  orders  of  magnitude  smaller  than  the  merid¬ 
ional  transfer  of  energy  as  sensible  heat  and  may  be  safely  neglected  in  comparison  with  it. 

The  potential-energy  transport- -Since  we  have  under  consideration  only  horizontal  eddy  ex¬ 
change  processes  it  Is  obvious  that  there  can  be  no  transport  of  energy  in  this  form  since  the  geo- 
potemtal  is  constant  at  any  given  elevation. 

We  thus  arrive  at  the  result  that  probably  the  energy -exchange  processes  in  the  atmosphere 
may  be  considered  to  be  largely  comprised  of  a  transport  of  sensible  heat  and  a  transport  of 
latent  energy.  This  is  fortunate  since  it  is  possible  to  arrive  at  estimates  of  the  hemispherical 
transport  of  these  quantities. 

The  latent-energy  transport- -The  latent-energy  transport  may  be  evaluated  in  several  ways. 
One  approach  is  to  use  the  observed  moisture  and  wind  data  which  are  available  from  radiosonde 
and  radio  wind  observations.  The  horizontal  eddy  transport  of  latent  energy  may  then  be  obtained 
from  such  data.  PRIESTLEY  [1949]  has  suggested  a  method  for  utilizing  such  data  and  computed 
the  latent  energy  transport  for  one  station,  LarkhlU,  Ei^land,  for  a  period  of  two  years.  Using  a 
method  similar  to  Priestley’s,  WHITE  [1951a]  has  obtained  a  measure  of  the  latent-energy  trans¬ 
port  for  one  summer  month  and  one  winter  month  for  a  large  number  of  stations  extending  from 
the  tropics  to  the  poles  over  the  North  American  sector  of  the  hemisphere.  Although  it  ia  possible 
to  use  these  rough  estimates  of  the  latent-energy  transport  obtained  in  this  fashion,  they  suffer  the 
serious  drawback  that  they  have  been  obtained  from  very  restricted  regions  of  the  hemisphere  for 
short  time  periods. 

A  second  approach  and  one  which  is  favored  in  this  case  is  the  computation  of  the  long-term 
mean  transport  of  latent  energy  from  hemispherical  evaporation  and  precipitatton  data.  Over  long 
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periods  of  time  it  may  be  assumed  that  there  is  no  net  change  in  the  moisture  of  the  atmosphere. 
If,  therefore,  there  exists  an  excess  of  evaporation  over  precipitation  within  a  given  latitude  belt 
in  the  atmosphere,  there  must  exist  over  long  time  periods  a  transport  of  moisture  and  hence  of 
latent  energy  out  of  the  region.  On  the  other  hand,  when  the  precipitation  exceeds  the  evapora¬ 
tion,  there  must  exist  a  transport  of  moisture  into  this  latitude  belt.  Use  of  this  isdirect  method 
of  determining  the  flux  of  latent  energy  into  given  regions  of  the  atmosphere  does  not  assume  that 
the  transport  of  latent  energy  is  accomplished  solely  by  horizontal  processes. 

The  knowledge  erf  the  net  rate  erf  evaporation  from  the  land  surfaces  ts  extremely  uncertain. 
However,  it  is  possible  to  arrive  at  some  estimates  of  the  difference  between  precipitation  and 
evaporation  over  Urge  areas  by  a  consideration  of  the  amount  of  water  discharged  by  the  rivers 
into  the  oceans.  Over  a  long  period  of  time  the  difference  between  the  precipitation  and  evapora¬ 
tion  must  equal  the  amount  of  water  which  is  discharged  into  the  oceans  by  the  rivers.  Such  a 
treatment  is  valid  only  when  long  time  periods  are  considered  because  a  knowledge  of  the  storage 
capacity  of  the  ground  is  necessary  and  must  be  taken  into  account  over  short  time  periods.  Such 
river-discharge  data  are  available  over  wide  areas  of  the  land  surface  of  the  hemisphere.  WUST 
[1922]  has  made  use  of  them  in  computing  the  difference  between  the  precipitation  and  evaporation 
over  land  surfaces. 

Wust  has  also  made  estimates  of  the  difference  between  the  evaporation  and  precipitation 
over  the  ocean  areas  of  the  hemisphere.  He  used  widely  scattered  pan  observations  of  evapora¬ 
tion  over  the  oceans  and  the  precipitation  data  available  from  island  stations.  Since  the  evapora¬ 
tion  data  from  the  oceans  are  more  reliable  than  over  the  land  areas  it  is  felt  that  such  estimates 
represent  a  fairly  good  first  approximation  to  actual  conditions. 

CONRAD  [1936]  has  extended  Wust’ a  dots  to  include  the  entire  surface  of  the  Earth  and  has 
estimated  the  latitudinal  distribution  of  the  net  evaporation.  Over  long  periods  of  time  we  may 
consider  that  there  is  no  progressive  change  in  the  moisture  content  of  the  atmosphere  although 
it  is  realised  that  over  geological  epochs  there  is  some  evidence  of  such  changes. 

From  continuity  considerations,  by  treating  first  the  regions  around  the  pole,  it  is  possible  to 
obtain  a  measure  of  the  transport  of  moisture  which  must  exist  into  the  various  latitude  belts  of 
the  atmosphere.  The  values  of  these  transports  are  given  in  Table  1.  a  is  the  opinion  of  Wust 
that  hlB  estimates  are  correct  to  within  IS  pet. 

Table  1~-The  observed  meridional  transport  of  latent 
energy  and  sensible  heat 


.Latitude 

north 

Latent  energy 

Sensible  heat 

Latent  energy  + 
sensible  heat 

O 

(cal/ sec)  x  1012 

(cal/sec)  x  1012 

(cal/sec)  xlOlZ 

75 

+30 

+14 

+43 

65 

+99 

+329 

+428 

55 

+224 

+834 

+1058 

45 

+397 

+793 

+1189 

35 

+425 

+355 

+780 

Note:  Internal  consistency  subject  to  rounding  off  errors.  Positive 


signs  indicate  a  poleward  transport. 

The  transport  of  sensible  heat — Estimates  of  the  horizontal  eddy  flux  of  sensible  heat  can  be 
made  (with  considerable  effort)  directly  from  northern  hemisphere  weather  charts  of  pressure 
and  pressure -height  contours.  The  transport  of  sensible  heat  across  a  complete  latitude  circle 
at  a  given  elevation  can  be  written  as 


^CpTpVdx . (2) 

where  the  integration  Is  to  be  performed  completely  around  the  latitude  circle  and  dx  is  an  ele¬ 
ment  of  longitudinal  distance.  Because  erf  the  lack  of  direct  wind  observations  over  most  of  the 
hemisphere  it  becomes  necessary  to  use  a  geostrophtc  measure  of  the  wind  given  by  the  relation 

Vg  »  (l/pf)  dp'dx . (3) 

where  1  is  the  corioiis  parameter  and  p  Is  the  pressure.  A  reliable  measure  of  the  temperature 
may  be  obtained  if  it  is  realised  that  the  mean  virtual  temperature  of  any  column  of  air  is  directly 
proportional  to  the  height  difference  between  two  constant  pressure  surfaces.  The  product  of  the 
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mean  geoatrophic  wind  for  a  given  layer  and  the  mean  virtual  temperature  may  be  formed  at  a 
large  number  ol  evenly  distributed  points  around  a  given  latitude  and  the  integral  (2)  may  be 
evaluated  by  finite  difference  methods.  8uch  computations  were  carrted  out  by  WRITE  [1951b] 
for  the  four  winter  months,  November  1945  -  February  1946,  on  a  daily  basis  for  every  ten  de¬ 
grees  of  latitude  extending  from  35°N  to  75*N.  The  geoatrophic  transport  of  sensible  heat  was 
computed  up  to  the  500- mb  surface  in  two  layers:  Surface  to  700  mb,  and  700  mb  to  500  mb. 

For  details  of  these  computations  the  reader  is  referred  to  the  investigation  mentioned  previously. 

By  virtue  of  the  fact  that  a  geoatrophic  measure  of  the  wind  was  used,  transports  of  sensible 
heat  which  are  accomplished  by  mean  meridional  ceils  are  automatically  eliminated  since 

$pVg  dx  =  f>  (1/f)  (dp/dx)  dx  =  0 . (4) 

Use  of  the  values  of  the  geoatrophic  transport  of  sensible  heat  computed  by  White  in  conjunc¬ 
tion  with  estimates  of  the  normal  latent-energy  transport  requires  a  certain  amount  of  justifica¬ 
tion.  In  the  first  place,  the  estimates  of  the  latent-energy  transport  evaluated  from  evaporation 
and  precipitation  data  have  been  made  on  a  yearly  normal  basis.  The  geostrophic  transport  of 
sensible  heat  was  computed  for  four  months  of  one  winter  season.  In  addition,  the  question  may 
legitimately  be  raised  as  to  the  nature  of  the  difference  between  the  geostrophic  and  the  actual 
eddy  transports. 

Studies  of  the  eddy  sensible  heat  transport  over  North  America  [WHITE,  1951b]  have  shown 
that  there  is  good  agreement  (within  20  pet  in  the  mean)  between  the  eddy  sensible  heat  flux  com¬ 
puted  geostrophically  and  that  obtained  from  observed  winds.  The  other  question  which  must  be 
answered  is  erf  a  more  serious  nature.  How  closely  does  the  eddy  sensible  heat  transport  com¬ 
puted  up  to  500  mb  for  the  winter  season  represent  the  mean  yearly  transport  through  the  entire 
atmosphere? 

It  appears  that  the  transport  computed  up  to  500  mb  is  smaller  than  the  total  eddy  transport 
of  sensible  heat  through  the  entire  atmosphere  since  the  transport  of  sensible  heat  above  500  mb 
has  been  neglected.  On  the  other  hand,  there  Is  a  compensating  factor  in  that  the  transport  of 
sensible  heat  during  the  winter  is  greater  than  it  is  during  the  summer  and  hence  use  of  the 
transports  based  upon  winter  data  alone  as  a  typical  yearly  value  will  be  considerably  in  over¬ 
estimate. 

Studies  of  the  extent  to  which  these  two  factors  actually  cancel  [WHITE,  1951a],  based  upon  in¬ 
vestigations  of  foe  eddy  sensible  heat  transport  over  regions  of  North  America  in  which  observed 
wind  and  temperature  data  were  used,  show  that  foe  transports  of  sensible  heat  up  to  5t0  mb  rep¬ 
resent  approximately  V0  pet  of  the  total  across  a  given  latitude  circle  up  to  100  mb.  On  foe  other 
hand,  the  winter-time  rate  of  transport  computed  up  tc  500  mb  Is  approximately  45  pet  greater 
than  foe  mean  rate  of  transport. 

In  view  of  these  results  it  seems  permissible  to  use  the  geostrophic  eddy  sensible  heat 
transport  computed  up  to  500  mb  for  one  winter  season  as  a  first  approximation  to  a  typical  year¬ 
ly  mean  transport.  It  must  be  remembered  that  foe  determination  of  a  reliable  normal  for  the 
magnitude  of  this  term  will  require  the  analysis  of  many  years  of  complete  northern  hemisphere 
data  up  to  very  high  levels.  Since  the  purpose  at  hand  is  merely  to  demonstrate  the  feasibility  of 
this  method  of  attack  upon  foe  radiation  problem  and  to  arrive  at  orders  of  magnitude,  the  use  of 
these  values  is  sufficient. 

The  mean  winter  geostrophic  eddy  sensible  heat  transport  below  501  mb  based  upon  foe  four 
winter  months  of  data  is  presented  in  Table  1  together  with  foe  sum  of  the  transport  of  energy  as 
latent  energy  and  sensible  heat. 

With  foe  data  of  Table  1  it  is  possible  to  determine  the  net  radiative  energy  surplus  or  deficit 
within  given  latitude  belts  in  the  atmosphere  and  to  compare  them  with  similar  estimates  which 
have  been  made  by  considering  the  radiative  processes.  The  procedure  is  quite  simple.  V'e  find 
that  43  units  (cal/sec  *  10*2)  are  transported  across  latitude  75°N.  The  region  of  the  atmosphere 
bounded  on  foe  south  by  this  latitude  must  therefore  radiate  an  amount  of  energy  equal  to  this 
amount  back  to  space  in  excess  of  that  which  it  receives  from  space,  otherwise  there  would  be  a 
progressive  increase  in  the  temperature  of  the  atmosphere  in  this  region.  We  may  proceed  in  a 
similar  fashion  to  the  latitude  belt  Bb^N  -  75aN.  Here  we  find  428  units  transported  in  from  foe 
south,  43  units  transported  out  to  foe  north,  and  hence  a  surplus  of  385  units  of  energy  trans¬ 
ported  into  this  region.  This  amount  must  therefore  represent  foe  excess  long-wave  radiation  by 
the  atmosphere  over  the  short-wave  radiation  which  it  receives  from  space.  We  may  thus  arrive 
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90°N  75°N  65°  N  55®N  45  °N 


3S°N 


Fig,  {--Schematic  diagram  of  the  radiation  balance  deduced  from 
observed  energy  transports;  units  in  10*2  y  cal/sec;  direction  of 
arrows  indicates  direction  of  flux;  internal  consistency  subject 
to  rounding-off  of  errors 


Table  2- -Radiative  energy  surplus  or  deficit  within  various  latitude  belts  as  determined 
from  radiative  processes  by  various  investigators  and  from' observed  atmospheric 
energy  transports  in  this  study 


Latitude  north  ] 

Albrecht 

Houghton 

Gabites  j 

White 

From  1 

To  1 

o 

0 

(cal/sec)  x  10^2 

(cal/sec)  x  10*2 

(cal/sec)  x  10^2 

(cal/sec)  x  10*2 

75 

90 

-126 

-319 

-222 

-  43 

65 

75 

-173 

-362 

-298 

-385 

55 

65 

-182 

-405 

-284 

-630 

45 

55 

-130 

-322 

-202 

-132 

3b 

45 

-  3 

-129 

+  29 

+409 

Note:  Positive  signs  indicate  a  net  surplus;  negative  signs  a  net  deficit. 


at  an  energy  continuity  diagram  such  as  depicted  in  Figure  1 .  Here  the  amount  of  net  radiative 
unbalance  for  each  latitude  belt  is  represented  by  the  vertical  arrows  at  the  top  of  the  diagram 
and  the  horizontal  transport  within  the  atmosphere  by  the  horizontal  arrows. 

Comparison  of  results--lt  is  of  interest  to  compare  the  results  of  the  computations  described 
above  with  those  of  other  investigators  who  have  attacked  this  problem  through  a  conslder-aion  of 
the  radiative  processes.  Since  the  energy-transport  data  were  available  only  for  midd'c  and  polar 
latitudes,  the  discussion  will  be  confined  to  these  regions.  Of  the  many  investigations  into  this 
problem  three  have  been  selected  for  comparison,  that  of  Albrecht  and  BJERKNE?  {1933,  p. 

665]  and  two  of  a  more  recent  nature,  that  of  Houghton  (talk  given  at  Cambridge  Pamlnar  of  the 
American  Meteorological  Society,  1946)  and  that  of  Gabites  (doctoral  thesis,  Massachusetts  Insti¬ 
tute  of  Technology,  1950).  The  results  of  Houghton’s  investigation  should  be  considered  as  only 
preliminary  in  nature,  as  he  is  currently  preparing  a  revised  estimate.  The  values  of  the  net 
radiative  energy  surplus  or  deficit  reduced  to  the  same  units  for  the  same  regions  which  were 
used  in  this  study  are  presented  in  Table  2,  along  with  the  results  of  the  present  investigation. 

It  is  seen  that  the  orders  of  magnitude  of  all  these  investigations  are  comparable,  the  more 
recent  investigations  agreeing  more  closely  with  the  results  of  the  present  study.  It  Is  evident 
that  the  results  of  the  present  study  give  consistently  higher  values  both  for  the  net  radiative 
deficit  and  the  net  radiative  surplus  except  within  the  region  between  75°N  and  the  pole.  This  In¬ 
dicates  that  the  intensity  of  the  energy  transport  processes  and  the  convergence  of  the  energy 
transports  are  found  to  be  more  intense  in  the  current  study  than  would  be  indicated  by  the  mea¬ 
surements  based  upon  the  radiative  processes,  ft  is  also  suggested  that  the  region  of  net  radtatlve 
heating  In  the  atmosphere  extends  farther  poleward  than  would  be  Indicated  by  a  consideration  of 
the  radiative  processes.  Nevertheless,  it  is  quite  gratifying,  considering  the  crudity  of  the  data 
which  have  been  used  to  find  that  the  estimates  of  the  radiation  balance  deduced  from  radiative 
processes  are  fairly  consistent  with  observations  of  the  energy  transport  processes  within  the 
atmosphere,  ft  appears  that  further  studies  of  the  energy  transport  processes  might  yield  more 
reliable  information  which  would  provide'  an  independent  check  upon  the  radiation  balance  as  de¬ 
duced  from  radiative  processes.  The  desirability  of  further  investigation  is  clearly  indicated. 
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Summary 

An  investigation  of  a  large  number  of  upper-air  soundings  over  regions  of  North  America  shows 
that  the  eddy  transport  of  sensible  heat  is  poleward  in  the  mid-latitude  troposphere,  reversing  and 
becoming  equator-ward  in  the  stratosphere.  The  eddy  transport  of  sensible  heat  reaches  its  maximum 
in  middle  latitudes,  decreasing  both  poleward  and  equal orward.  It  is  shown  wherein  these  results 
differ  from  those  recently  presented  by  Priestley.  The  transport  of  sensible  heat  has  a  high  seasonal 
variation,  being  much  stronger  in  winter  than  in  summer.  There  are  indications  that  at  very  low  lati¬ 
tudes  the  eddy  sensible-heat  transport  is  directed  equatorward. 

The  eddy  transport  of  latent  energy  is  described  by  means  of  the  same  soundings  and  is  found 
to  be  poleward  throughout  middle  and  high  latitudes  with  a  maximum  at  the  ground  and  decreasing 
with  altitude.  The  principal  seasonal  variation  in  the  transport  of  latent  energy  appears  to  be  the 
northward  shift  of  the  mid-latitude  maximum  from  winter  to  summer.  This  maximum  is  not  very 
pronounced,  the  transport  in  both  seasons  being  relatively  constant  through  middle  latitudes. 


1.  Introduction 

A  description  of  the  character  of  the  meridional  flux  of  energy  in  the  atmosphere 
is  recognized  to  be  of  fundamental  importance  for  a  better  understanding  of  the 
mode  of  operation  of  the  general  circulation.  That  a  description  of  so  basic  a  pro¬ 
cess  in  the  atmosphere  has  not  been  clearly  established  can  be  attributed  directly 
to  the  lack  of  observational  material  on  a  hemispherical  basis,  and  to  the  tremendous 
task  of  reducing  whatever  data  are  available  to  comprehensible  form.  A  method  for 
the  evaluation  of  certain  components  of  the  meridional  energy  flux  has  recently 
been  reported  by  Priestley  (1949).  A  study  of  the  meridional  flux  of  energy  using 
a  method  similar  to  Priestley’s  but  considerably  more  extensive  in  space,  is  described 
below. 

2.  Scope 

To  place  the  scope  of  this  investigation  in  perspective  it  is  necessary  to  con¬ 
sider  the  general  continuity  requirements  of  the  global  energy  balance.  Because 
there  exists  a  difference  between  the  net  heating  of  the  atmosphere  in  equatorial 
and  polar  regions,  there  must  exist  in  the  atmosphere  a  transport  of  energy  directed 
meridionally  from  low  to  high  latitudes.  Starr  (1949)  has  shown  and  indeed  it 
may  be  inferred  from  general  considerations  that  the  total  poleward  energy  flux  may 
be  closely  approximated  by  an  expression  of  the  form 

Z—  OD 

T*  ~  J  +  <P)pvdxdz  .  .  (1) 

*  Thu  investigation  vn  made  pouiblc  through  lupport  extended  by  the  Geophyaieal  Research  Directorate  of  the 
U.SA.F.  Cambridge  Research  Laboratories. 
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where  cp  is  the  specific  heat  of  air  at  constant  pressure,  T  is  the  temperature,  q  is 
the  specific  humidity,  i  is  the  latent  heat  of  water  vapour,  0  is  the  potential  energy 
per  unit  mass,  p  is  the  density,  v  is  the  meridional  component  of  velocity  con¬ 
sidered  positive  when  the  wind  is  from  the  south,  dx  is  an  dement  of  longitudinal 
distance  and  dz  an  element  of  vertical  distance.  The  integration  is  to  be  performed 
over  the  entire  vertical  extent  of  the  atmosphere  and  completely  around  the  latitude 
circle.  Eq.  (1)  has  the  simple  interpretation  that  the  poleward  flux  of  energy  is 
accomplished  mainly  as  a  flux  of  (a)  sensible  heat,  (b)  latent  energy  of  water  vapour, 
and  (c)  potential  energy. 

One  way  in  which  the  terms  in  Eq.  (1)  may  be  further  examined  is  as  follows. 

We  may  write  that 

pv  -  [pv]  +  (pv)' 

where  [pv]  is  the  average  of  pv  along  the  entire  length  of  a  closed  latitude  circle 
and  (pv)'  is  the  deviation  from  this  average.  It  is  clear  that  the  identical  vanishing 
of  [pv]  implies  the  absence  of  meridional  circulations,  while  its  failure  to  vanish 
implies  the  existence  of  such  circulations.  Here  we  neglect  all  topographic  in¬ 
equalities  of  the  earth's  surface.  Since  is  constant  along  a  latitude  circle  at  any 
given  elevation  and  [(pv)']  is  zero,  Eq.  (1)  may  be  rewritten  as 

Z—  CO  CD 

T*  ~  /  j*  (c.,T -}-  ql)(pvydxdz  +  j  (cpT  +  ql  +  #)  [pv]  dxdz  .  .  (2) 

2=0  2=0 

where  the  last  integral  now  represents  the  contribution  of  mean  meridional  cir¬ 
culations  of  the  Hadiey  type  to  the  poleward  energy-flux.  The  first  integral  in 
the  right  hand  member  of  Eq.  (2)  represents  the  contribution  of  horizontal  eddy- 
processes  to  the  poleward  energy-flux.  It  is  the  magnitude  of  these  processes  which 
can  be  estimated  with  available  radio  observations  of  wind,  temperature  and  moisture 
content. 


3.  Procedure 


Following  Priestley  we  may  write  that  the  total  meridional  flux  of  any  quantity 
across  a  complete  circle  of  latitude  is  given  very  closely  by, 


h::; 


pFvdz 


(3) 


where  F  is  the  amount  of  the  quantity  per  unit  mass  of  the  atmosphere.  The  inte¬ 
gration  is  to  be  performed  through  the  entire  vertical  extent  of  the  atmosphere,  and 
around  a  complete  latitude  circle.  For  practical  purposes,  it  is  more  convenient 
to  write  this  integral  as 

1 


g 


h: 


Fvdp 


(4) 


where  use  has  been  made  of  the  hydrostatic  equation,  and  where  p0  is  the  sea  level 
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pressure.  Because  observations  around  a  complete  circle  of  iatitude  are  not  available, 
it  is  impossible  to  compute  this  transport  observationally.  However,  we  may  obtain 
highly  useful  information  by  considering  the  flux  over  a  limited  portion  of  the  circle, 
which  is  given  for  a  unit  distance  along  a  latitude  circle  by 


1  fP. 


e 


J « 


Fvdp 


(5) 


In  expression  (5)  the  sea  level  pressure  p0  is  not  constant.  However,  p0  varies  by 
only  a  small  fraction  of  its  absolute  magnitude.  In  addition,  in  the  computation 
of  such  a  term  over  a  large  sample,  may  be  considered  as  a  constant  if  there  is 
little  correlation  between  Fv  and  p0.  We  shall  assume  that  the  quantities  used  in 
the  following  analysis,  the  temperature  and  the  mixing  ratio  multiplied  by  the 
meridional  component  of  the  velocity,  are  uncorrelated  with  the  sea  level  pressure. 
Therefore,  we  shall  treat  p0  as  a  constant  in  what  follows. 

In  the  following  analysis  it  will  be  necessary  to  make  use  of  both  space  and  time 
means  and  deviations  from  these  means  For  convenience  in  notation,  a  bar  is  used 
to  denote  a  time  mean,  a  bracket  a  space  mean.  Primes  denote  deviations  from  the 
means  and  the  subscripts  x  and  t  are  used  to  denote  the  nature  of  the  deviation. 

Thus  we  may  write  F  ~  F  +  Ft'  or  F  —  JfJ  T  Fx'  where  F  is  the  actual  value 
of  the  quantity,  Ft'  is  the  deviation  from  the  time  mean  and  Fx‘  is  the  deviation 
from  the  space  mean.  In  a  similar  fashion  we  may  define  a  mean  of  F  in  both  space 

and  time  as 


14 


The  mean  meridional  flux  of  F  over  both  space  and  time,  jvFj  is  given  by 

[viF]=[v][F]  +[^V]  ...  (6) 

which  is  derived  by  taking  the  mean  of  the  product  v  =  pj  +  v'tx  and  F  =  |f|  + 
F'u.  The  mean  flux  of  F  is  then  composed  of  two  terms  of  distinct  physical  signi¬ 
ficance.  Following  Priestley’s  terminology,  let  us  call  pj  Jf|  the  advective  flux. 
This  is  the  flux  of  the  quantity  F  at  any  given  level  in  the  atmosphere  which  is 
associated  with  a  non-zero  mean  rate  of  flew  pj  at  the  level  in  question.  The  second 
term  jv'tx  F'^j  is  the  mean  eddy  flux  and  depends  upon  the  existence  of  a  correla¬ 
tion  between  v  and  F  at  any  given  level. 

It  can  be  shown  that  the  mean  eddy  flux  may  be  further  analysed  into  two  terms 
of  different  physical  significance.  This  is  easily  done  by  adding  to  and  subtracting 

from  the  left  hand  side  of  the  Eq.  (6)  the  term  [vFj .  After  slight  rearrangement  it 
can  be  seen  that 

[v'ttf't*]  -  pY^]  +  [v*Fx]  .  .  .  (7) 

in  which  the  terms  on  the  right  hand  side  have  the  following  meanings  : 

(a)  [v'tF't]  represents  the  space  mean  of  the  local  eddy  flux.  This  is  the 
average  over  space  of  the  eddy  flux  at  individual  stations  due  to  the 
correlation  in  time  of  v  and  F, 
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(b)  [v  ^F  xj  represents  the  standing  eddy  flux.  This  is  the  flux  due  to  the 
correlation  in  space  between  the  time  means  of  F  and  v  over  a  given  period 
of  time.  In  other  words,  this  is  the  portion  of  the  flux  due  to  the  semi¬ 
permanent  features  of  the  atmosphere. 

Ideally,  if  we  wished  to  compute  the  total  northward  eddy  flux  for  a  given 
period  from  actual  wind-data,  we  should  desire  stations  located  around  a  complete 
circle  of  latitude-  The  more  closely  we  could  approximate  a  continuous  distribu¬ 
tion  of  stations,  the  more  accurately  we  could  obtain  the  eddy  transport  across  that 
latitude  circle.  We  could  then  compute  the  total  eddy  flux  once  or  twice  daily, 
and  obtain  the  mean  flux  for  any  given  period.  In  the  absence  of  such  a  distri¬ 
bution  of  observing  stations  the  existing  correlation  between  v  and  F  may  be  approxi¬ 
mated  by  the  use  of  a  large  number  of  stations  distributed  over  a  limited  portion 
of  the  latitude  circle.  Because  of  the  nature  of  the  available  data,  all  of  the  com¬ 
putations  which  follow  have  been  made  with  reference  to  constant  pressure  surfaces. 

In  the  case  of  the  transport  of  sensible  heat,  F  =  cpT.  The  mean  eddy  flux 
of  sensible  heat  is  then  given  by 

?£«*]- HP!)*  •  •  ■  •  » 

The  mean  eddy  flux  of  latent  heat  may  be  written  similarly  as 

i/0P'(R-[vlW)*  ■  •  ■  ■  (9> 

where  l  is  the  latent  heat  of  water  vapour  per  unit  mass  taken  as  600  cal  grrT1,  and 
q  is  the  specific  humidity. 

In  his  interesting  paper,  “  Heat  transport  and  zonal  stress  between  lati¬ 
tudes,"  Priestley  (1949)  selected  a  single  station,  Larkhill,  England,  and  performed 
such  computations  over  a  period  of  two  years.  However,  since  he  used  only  a  single 
station,  he  was  able  to  evaluate  only  the  local  eddy  flux  term. 

He  found  that  “  the  eddy  flow  of  sensible  heat  at  some  levels  is  from  regions 
of  low  towards  regions  of  higher  mean  temperature  and  that  the  eddy  fluxes  of 
heat  in  sensible  and  latent  forms  are  approximately  equal.”  These  conclusions  must 
be  modified  however  when  the  standing  eddy  flux  of  these  quantities  is  also  con¬ 
sidered. 

In  order  to  include  a  measure  of  the  standing  eddy  flux  it  is  necessary  to  take 
into  account  some  of  the  semi-permanent  features  of  the  general  circulation.  The 
investigation  was  extended  to  include  subtropical  and  polar  regions  so  as  to  be  able 
to  determine  the  variation  of  such  eddy  transports  with  latitude.  The  region  of 
North  America  and  the  adjacent  regions  of  the  Atlantic  Ocean  were  chosen  for 
study.  In  order  to  eliminate  any  bias  toward  cloudy  or  clear  weather  only  stations 
which  take  radiosonde  and  radio  wind  observations  were  selected*. 

The  months  of  February  and  August  1949  were  selected  for  study.  The  upper- 
air  data  were  taken  from  the  Daily  upper  air  bulletin  published  by  the  U.S.  Weather 

*  The  observing  stations  were  distributed  as  follows  :  South  of  3Q*N.  — ■  6  ;  30*  to  40*N.  —  16  ;  40*  to  50*N.  —  14; 
30*  to  60’N.  ~  6  ;  60*  to  70*N.  —  6  ;  70*  to  80*N.  —  4. 
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Bureau.  The  data  were  broken,  down  into  three  groups  ■  (a)  Feb.  0300  gmy,  1049, 
(b)  Feb,  1500  gmt,  1949,  (c)  Aug.  1500  gut,  1049.  Only  those  soundings  which 
reached  a  height  of  300  mb  were  used  in  the  computations.  It  was  felt  that  such  a 
restriction  would  enable  more  accurate  comparison  of  low-level  and  high-level 
transports*. 

The  data  were  recorded  at  each  station  at  each  of  the  standard  pressure  levels  : 
1000,  850,  700,  500,  300,  200,  and  100  mb.  The  products  vT  and  vq  were  formed 
for  each  level  and  each  time  category'  for  each  latitude  belt. 


Then  [vT],  [vq] . 
subtractions  jvT 


w 

-»] 


qj  were  computed  by  a  simple  averaging  process*.  The 
[t]  and  |vqj  —  jv]  [41]  were  performed  for  each  level. 


time  category,  and 


latitude  belt.  These  were  then  converted  into  the  mean  flux  in  cal 
sec"*1  per  mb  of  pressure  difference  in  the  vertical  per  cm  of  longitude.  Because  of 
the  unrepresentativeness  of  observations  taken  near  the  surface  (due  to  radiation 
and  local  topographic  effects)  the  values  of  the  transports  of  energy  obtained  for 
the  1000  mb  surface  were  not  used.  Instead,  in  the  integrations  through  height 
which  were  made  in  order  to  obtain  the  mean  total  eddy  transport  throughout  the 
atmosphere,  it  was  assumed  that  the  transports  at  850,  700,  500,  300,  200,  and  100 
mb  were  representative  of  the  transports  between  the  surface  and  800  mb,  800  and 
600  mb,  600  and  400  mb,  400  and  250  mb,  250  and  150  mb  and  150  and  50  mb, 
respectively.  It  was  assumed  that  the  transports  above  50  mb  could  be  neglected. 

The  results  of  this  investigation  are  presented  in  the  form  of  a  series  of  diagrams 
and  tables.  A  short  discussion  of  the  nature  of  these  data  is  necessary  for  proper 
interpretation.  The  data  may  be  considered  to  be  of  two  types,  (a)  the  eddy  trans¬ 
ports  of  either  sensible  heat  or  latent  energy  or  a  combination  of  both  at  given 
levels  and  latitudes,  and  (b)  the  total  eddy  transports  of  sensible  heat  or  latent 
energy  or  a  combination  of  both,  by  which  is  meant  the  value  of  the  transport  after 
integration  through  height.  It  must  be  remembered  that  the  results  presented  are 
valid  only  for  regions  of  North  America  and  only  for  the  specific  times  for  which 
they  were  computed. 

Tables  I  and  II  present  the  total  eddy  transports  of  the  two  energy  forms,  by 
which  is  meant  the  values  of  the  eddy  transports  after  integration  through  height, 
across  various  latitude  circles.  This  was  done  under  the  assumption  that  these 
transports  are  representative  of  the  transports  around  a  complete  circle  of  latitude. 
The  values  of  these  total  transports  are  given  in  units  of  1011  cal  sec-1  across  a 
complete  circle  of  latitude. 


*  Such  a  restriction  undoubtedly  has  some  effect  upon  the  magnitudes  of  the  energy  transports  because  of  the  selec¬ 
tivity  of  radio  wind  observations.  Dr.  E.  N.  Loren*  (1950)  has  found  in  an  investigation  into  this  selectivity,  a  pronounced 
tendency  for  radio  wind  observations  to  be  biased  according  to  the  wind  speed.  In  periods  of  strong  winds  there  is  a  decided 
tendency  for  balloons  to  be  blown  out  of  range  or  below  the  angle  specified  in  observing  manuals  below  which  observa¬ 
tions  are  considered  unreliable  and  hence  not  reported.  The  effect  of  such  a  bias  is  to  minimize  the  magnitude  of  the  energy 
transports.  Hence  the  magnitudes  of  the  energy  transports  reported  herein  may  lean  in  the  direction  of  under-estimation 
rather  than  over-estimation. 

t  Such  a  simple  averaging  process  would  be  entirely  legitimate  were  the  selected  stations  evenly  spaced  along  latitude 
circles.  However,  the  stations  are  irregularly  spaced,  and  hence  such  an  averaging  process  introduced  a  bias  because  each 
station  is  weighted  equally.  The  results  therefore  may  be  biased  in  favour  of  the  character  of  the  eddy  transport  in  those 
regions  where  the  stations  are  more  closely  spaced.  In  order  to  correct  this  bias,  proper  weighting  factors  would  have  to 
be  introduced.  However,  since  the  stations  art  irregularly  spaced  in  both  latitude  and  longitude,  it  is  not  clear  how  a  proper 
weighting  procedure  could  be  devised. 
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Figure  1.  Transport  of  sensible  beat  computed  from  soundings  for  August  1949,  1500  gmt. 


o 


Figure  2.  Transport  of  sensible  heat  computed  from  soundings  for  February  1949, 

0300  gmt  +  1500  GMT. 


Figure  3.  Transport  of  sensible  heat  computed  from  soundings  for  February  1949, 

1500  GMT  4-  August  1949,  1500  gmt. 

Latitude 

Figs.  1-3.  The  mean  eddy  transport  of  sensible  heat  tn  the  atmosphere  over  region,  of  North  America. 
Isolines  represent  the  eddy  transport  in  units  of  cal/sec  x  10'  per  degree  of  longitude  per  mb  pressure 
difference  in  the  vertical.  Solid  tsoiines  indicate  a  northward  transport  ;  dashed  isolines  a  southward 
transport.  The  isohne  of  zero  transfort  is  represented  by  dots.  The  height  of  the  mean  tropopause 
for  the  cases  examined  is  indicated  by  open  dots. 
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Figure  5.  Latent-energy  transport  computed  up  to  500  mb  from  soundings  for  February  1949, 

0300  GMT  +  1500  GMT. 


Figure  6.  Transport  of  energy  as  the  sum  of  the  latent  energy  and  sensible  heat  computed  from 
soundings  for  February  1949,  1500  GMT  +  August  1949,  1500  GMT. 


<-  Latitude 


Figs.  4-6.  The  mean  eddy  latent-energy  transport  and  the  mean  eddy  transport  of  the  sum  of  the 
latent  energy  and  sensible  heat  in  the  atmosphere  over  regions  of  North  America.  Isolines  represent 
eddy  energy  transport  in  units  of  cal/scc  x  10'  per  degree  of  longitude  per  mb  pressure  difference  in 
the  vertical.  Solid  isolines  indicate  a  northward  transport  ;  dashed  lines  a  southward  transport.  The 
isoline  of  zero  transport  is  represented  by  dots. 
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The  eddy  energy  transports  are  presented  in  the  form  of  diagrams  of  i$alinea 
of  transport  in  Figs.  1-6.  These  diagrams,  drawn  in  a  coordinate  system  in  which 
the  vertical  coordinate  is  the  pressure  on  a  linear  scale,  and  in  which  the  isolines  of 
transport  are  in  cal  see-1  per  mb  pressure  difference  in  the  vertical  per  degree 
of  longitude  at  the  given  pressure  levels.  These  diagrams  have  the  advantage  that 
the  eddy  energy  transports  are  presented  as  a  function  of  the  atmospheric  mass. 
To  prevent  erroneous  interpretations  of  such  diagrams,  a  single  sample  diagram 
Fig.  7,  is  presented  in  which  the  vertical  coordinate  is  geometrical  height  on  a  linear 
scale,  and  the  isolines  of  transport  are  in  cal  sec'*  per  cm  of  height  per  degree  of 
longitude  at  specific  geometric  heights. 

4.  It'fTERyRETATlON  O?  RESULTS 

The  pictures  of  the  eddy  energy  transports  computed  from  actual  wind  data 
over  regions  of  North  America,  as  outlined  above,  reveal  many  interesting  features 
(see  Figs.  1,  2,  and  3). 

The  sensible-heat  transport  during  February  1949,  which  has  been  taken  as 
typical  of  a  winter  season,  is  northward  within  the  troposphere  everywhere  north 
of  25‘N.,  and  southward  in  the  stratosphere  in  mid- latitudes.  This  is  well  brought 
out  in  Fig.  2  where  the  height  of  the  mean  tropopause  for  February  1949  based  upon 
temperature  observation?  has  been  sketched  in.  It  can  be  seen  that  there  is  remark¬ 
able  agreement  between  the  tropopause  position  and  the  level  of  reversal  of  the 
direction  of  the  eddy  transport  of  sensible  heat. 

A  noticeable  feature  of  the  eddy  transport  of  sensible  heat  during  this  month 
is  the  location  of  the  latitude  of  maximum  transport  at  55°N.  One  may  not  draw 
the  conclusion  that  this  represents  the  winter  mean  latitude  of  maximum  transport 
because  of  the  limited  amount  of  data  treated. 

At  the  latitude  of  maximum  intensity,  the  transport  per  mb  of  pressure  difference 
reaches  its  maximum  at  some  level  above  the  ground,  in  this  case  at  500  mb.  In  the 
regions  south  of  the  latitude  of  maximum  transport,  the  eddy  transport  per  mb  of 
pressure  difference  is  at  a  maximum  in  the  lowest  layers  of  the  atmosphere. 

Some  mention  should  be  made  about  the  indications  of  a  southward  eddy 
transport  of  sensible  heat  in  the  middle  troposphere  near  25°N.  However,  it  should 
be  remembered  that  at  such  low  latitudes  only  a  small  section  of  the  latitude  circle 
has  been  sampled  and  the  standing  eddy-flux  term  may  not  be  adequately  represented 
in  the  data  from  a  limited  region  south  of  the  United  States. 

During  August  1949  (see  Fig.  1)  the  same  characteristics  evident  during  the 
winter  season  are  again  present.  The  transports  are  northward  but  much  weaker 
through  most  of  the  mid-latitude  troposphere,  reversing  in  the  stratosphere.  Again 
the  coincidence  of  the  tropopause  with  the  level  of  the  reversal  of  the  transport 
direction  may  be  noted.  The  latitude  of  maximum  transport  is  at  55°N.  with  the 
level  of  maximum  intensity  again  located  at  the  500  mb  level.  In  lower  middle- 
latitudes  the  transport  is  greatest  near  the  ground.  At  low  latitudes  there  is  marked 
difference  from  winter  to  summer,  in  that  the  region  of  southward  transport  of 
sensible  heat  extends  farther  to  the  north. 

With  the  present  data  the  closest  approximation  to  a  picture  of  a  typical  yearly 
mean  may  be  computed  by  combining  the  eddy  transport  for  August,  1500  gmt 
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and  February,  1500  gmt,  Fig.  3.  The  characteristics  of  such  a  mean  picture  are 
again  : 

(a)  Northward  eddy  flux  of  sensible  heat  in  the  troposphere. 

(b)  Latitude  of  maximum  transport  at  55°N. 

(c)  Level  of  maximum  transport  at  500  mb. 

(d)  Southward  transport  in  the  stratosphere. 

Ce)  Southward  transport  at  lowest  latitudes. 

In  our  discussion  to  this  point,  the  eddy  transports  of  sensible  heat  have  been 
referred  to  constant  pressure  levels  and  discussed  in  terms  of  an  eddy  transport  per 
mb  of  pressure  difference.  Though  this  method  of  description  has  many  advantages 
in  that  it  permits  easy  association  of  such  transports  within  given  masses  of  the 
atmosphere,  it  is  of  interest  to  relate  such  transports  to  a  more  readily  pictured 
geometrical  coordinate  system  with  the  transports  given  per  unit  height.  It  is,  of 
course,  obvious  that  such  a  conversion  to  a  geometrical  coordinate  system  will 
greatly  emphasize  the  transports  at  the  lower  geometrical  levels  at  the  expense 
of  the  transports  at  the  higher  geometrical  levels. 

To  accomplish  this  transformation,  the  eddy  transport  of  sensible  heat  at  each 
level  was  assigned  to  the  geometric  height  above  sea  level  as  given  by  the  naca 
standard  atmosphere.  Although  it  is  realized  that  the  elevation  of  an  isobaric 
surface  can  in  no  way  be  considered  constant,  the  transformation  is  of  sufficient 
accuracy  to  depict  the  desired  features.  In  converting  the  eddy  transports  of  sen¬ 
sible  heat  per  mb  of  pressure  difference  in  the  vertical  into  the  eddy  transport  per 
unit  height,  the  mean  temperature  at  each  pressure  level  was  used. 

The  diagram  of  the  eddy  transport  of  sensible  heat  in  the  new  coordinate 
system  for  August  1949,  1500  GMT  plus  February  1949,  1500  gut  is  shown  in  Fig.  7. 
This  may  be  compared  with  Fig.  3  in  which  the  same  data  are  presented  in  the 
former  coordinate  system.  The  major  difference  between  the  two  figures  is  the 


Figure  7.  The  mean  eddy  transport  of  aenaible  heat  in  the  atmosphere  over  regions  of  North  America 
for  August  1949,  1500  gut  and  February  1949,  1500  carr  described  by  mean*  of  isolines  of  transport 
in  a  geometrical  coordinate  system  with  latitude  and  elevation  as  the  coordinates.  The  eddy  transport 
is  in  units  of  10*  cal/sec  per  degree  of  longitude  per  unit  height  Solid  isoline*  indicate  a  northward 
transport,  dashed  isolines  a  southward  transport  The  isoline  of  zero  transport  is  indicated  by  dots. 

The  preponderance  of  the  eddy  transport  in  the  lowest  layers  of  the  troposphere  is  emphasized. 
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concentration  of  the  eddy  transport  of  sensible  heat  in  the  lowest  geometrical  levels 
of  the  atmosphere  in  Fig.  7.  The  strong  maximum  of  transport  per  mb  of  pressure 
difference  at  the  500  mb  surface  in  Fig,  3  is  considerably  reduced  in.  magnitude 
relative  to  the  transports  at  lower  layers  in  Fig.  7. 

The  eddy  transport  of  latent-heat  has  a  maximum  in  the  lowest  layers  and  de¬ 
creases  with  height  at  ail  latitudes.  During  the  winter  season,  as  typified  by  the 
February  data  (see  Fig.  5),  the  latent-heat  transport  has  a  slight  double  maximum 
at  35°  and  55"N.  and  in  the  lowest  layers.  The  reality  of  this  double  maximum  as 
a  mean  hemispherical  condition  is  questioned  and  is  probably  attributable  to  the 
location  of  the  selected  stations.  During  the  summer,  as  typified  by  the  August 
data  (see  Fig.  4),  the  maximum  is  to  the  north  and  in  the  lowest  layers.  An  interesting 
feature  is  the  southward  flow  in  the  very  low  latitudes. 

In  the  final  analysis,  the  sum  of  the  transports  of  latent  energy  and  sensible 
heat  must  be  of  fundamental  significance  for  the  global  energy  balance.  The  typical 
yearly-mean  picture  of  the  transport  of  the  sum  of  these  energy  quantities,  as  com¬ 
puted  from  the  1500  gmt  data  for  February  and  August  1949,  appears  in  Fig.  6. 
The  major  characteristics  may  be  stated  as  follows  : 

(a)  Latitude  of  maximum  eddy  flux  —  5543. 

(b)  Level  of  maximum  eddy  flux  at  latitude  of  maximum  eddy  flux  —  500  mb. 

(c)  Northward  transport  in  mid-latitude  troposphere. 

(d)  Southward  transport  in  mid-latitude  stratosphere. 

(e)  Southward  transport  in  low-latitude  troposphere. 

(f)  Decrease  of  transport  with  height  in  lower  mid-latitudes. 

The  eddy  transports  of  the  various  forms  of  energy  may  be  integrated  through 
height,  under  the  assumption  that  such  transports  computed  for  regions  of  North 
America  are  representative  of  the  transport  across  a  complete  circle  of  latitude.  The 
latitude  of  maximum  eddy  transport  of  sensible  heat  during  both  winter  and  summer, 
as  typified  by  the  North  American  observed  wind  data,  Table  I,  occurs  at  55^. 


TABLE  I.  The  total  transport  of  (a)  sensible  heat  and  (b)  latent  heat,  integrated  vertically  to  the  top 
of  the  atmosphere,  transformed  into  the  total  transport  across  a  latitude  circle  under  the  assumption 
that  the  data  for  North  America  are  representative  for  the  entire  hemisphere.  Values  given  for  various 
latitudes  and  times  of  year.  Units  in  cal/sec  X  10".  F  =  Feb.,  A  —  Aug. 


(a)  Sensible  heat 


°N, 

F0300 

F1500 

A 1500 

F0300  *+-  F150G 

F1500  -f  A1500 

25 

4  390-3 

-  3305*1 

-47-2 

-  1452-9 

—  677-1 

35 

4  4875-7 

4  4303-4 

4-  134-5 

4  4578-9 

4  2230*4 

45 

4  3885  6 

4  5590  6 

4  3130-0 

-1  4738  8 

i  4704*9 

55 

4  21756  1 

-i-  10452-7 

4  4051*0 

4  16192-6 

4  7352  0 

65 

4  3300-6 

4  5095*4 

4  1967-2 

4  51947 

4  3841*4 

75 

4  743-6 

4  1048*3 

4  1033*2 

4  667*2 

4  1039-5 

(b)  Latent  heat 

25 

4-  1074*5 

4  1764-2 

-  2337*7 

4  14042 

-290-4 

35 

4-  3332-5 

4-  2381*3 

4  1095*5 

J  2853-6 

4  1745*0 

45 

4*  1450-0 

4-  1318  8 

4  1630-1 

4  1384-4 

4  1477-3 

55 

4-  2825-9 

4  2097  6 

4  1534-3 

4  2464-0 

4  1818-3 

65 

.  4-5881 

4  919-4 

4  1024-1 

4  757-1 

4  868*7 

75 

4- 145.6 

4  16-6 

4  1354-1 

4  108-2 

4  634-4 
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The  average  of  the  data  for  February  1949  and  August  1949  reveal?  what  may  be 
considered  an  approximation  to  of  the  yearly  mean  total  eddy  transport  of  sensible 
heat.  There  exists  a  maximum  transport  across  55°N.  with  a  marked  and 
continuous  divergence  of  the  transport  south  of  55  °N.  and  a  marked  and  continuous 
convergence  of  the  transport  north  of  this  latitude. 

The  total  eddy  transport  of  latent  heat,  Table  I,  differs  slightly  from  winter 
to  summer.  During  the  winter  time  the  total  eddy  transport  of  latent  heat  exhibits 
the  double  maximum  at  latitudes  35°  and  55°N.  and  the  transport  decreases  sharply 
to  the  north  of  65°N.  Contrasted  with  these  conditions,  the  total  eddy  transport 
during  the  summer  has  a  slight  single  maximum  at  45°N.  but  is  relatively  constant 
between  35eN.  and  75°N.  Although  the  transport  in  the  summer  time  is  generally 
smaller  in  middle  latitudes  than  in  the  same  region  during  the  winter,  it  is  much 
larger  at  higher  latitudes.  An  additional  feature  is  the  southward  transport  of  latent 
heat  across  25,’N.  in  the  summer  time  as  contrasted  with  a  winter-time  northward 
transport  across  the  same  latitude. 

When  one  combines  the  transport  of  energy  in  latent  form  and  as  sensible 
heat  from  the  data  for  February  and  August  1949  a  picture  of  the  total  eddy  energy- 
transport  as  the  sum  of  these  energy  forms  is  obtained.  These  figures  should 


approximate  the  terms 


T  +  ql)(pv)'dxdz  of  Eq.  (2). 


This  combined  total 


transport,  Table  II,  last  column,  shows  a  maximum  at  55“N.  decreasing  both  south 
and  north  of  this  latitude.  A  southward  transport  exists  across  25°N. 


TABLE  II.  The  total  eddy  transport  of  sensible  +  latent  heat,  integrated  vertically  to  the  top  of 
the  atmosphere,  transformed  into  the  total  transport  across  a  latitude  circle  under  the  assumption 
that  the  data  for  North  America  are  representative  for  the  entire  hemisphere.  Values  given  for  various 
latitudes  and  times  of  year.  Units  in  cal/sec  X  10".  F  =  Feb.,  A  =  Aug. 


°N. 

F0300 

F1500 

A1500 

F0300  +  F1500 

F1500  +  A1500 

25 

+  1473-8 

-  1540-9 

-  2384  -9 

—  51*7 

-  1987-5 

35 

+■  8208-2 

+  6634-7 

+  1230  0 

+  7432-5 

+  3975-4 

45 

+  5335-6 

+  6909-4 

+  4760- 1 

+  6122-5 

+  6182-2 

55 

+  24582-0 

+  32550-3 

+  5585  3 

+  18656  6 

+  9170*3 

65 

+  3888-7 

+  6014-8 

+  2991-3 

+  5948-8 

+  47101 

75 

+  889-2 

+  1064-9 

+  2387-3 

+  775-4 

+  1673-9 

In  a  rough  manner  it  is  possible  to  make  a  comparison  of  the  magnitudes  of 
the  total  eddy  transport  of  energy  as  the  sum  of  sensible  and  latent  heat  with  pub¬ 
lished  values  for  the  total  energy  transport  required  by  the  radiation  balance 
indicating  that  horizontal  eddy-transport  mechanisms  accomplish  a  major  portion 
of  the  required  energy  transport.  Preliminary  hemispherical  determinations  of 
long-term  means  of  all  the  quantities  entering  into  the  global  energy-balance  and 
the  significance  of  the  eddy-energy  flux  in  the  total  scheme  have  been  completed 
by  the  author  and  will  be  reported  in  a  forthcoming  paper.  However,  in  view  of 
the  fact  that  only  a  small  portion  of  the  hemisphere  has  been  sampled  for  a  short 
time-period  in  the  investigation  reported  here,  the  magnitudes  should  not  be  con¬ 
sidered  as  approaching  true  means.  On  the  other  hand,  considerable  weight  must 
be  attached  to  the  information  which  such  data  give  us  regarding  the  variation  of 
the  eddy-transport  processes  in  both  time  and  space. 
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It  is  of  great  interest  to  determine  what  portion  of  the  eddy  transport  of  sensible 
heat  is  accomplished  in  the  lower  half  of  the  atmosphere  below  500  mb.  It  is  also 
of  interest  to  determine  the  difference  in  the  magnitude  of  the  transport  of  sensible 
heat  at  vinous  latitudes  from  summer  to  winter.  The  analysis  was  carried  out  for 
the  mid-latitude  regions  35  “N.  to  65“N.  The  percentages  of  the  total  transport 
occurring  below  500  mb  based  upon  the  data  for  February  1949  (0300  cvrr  4- 
1500  qmt)  are  as  follows  : 

35°N.  45*N.  55°N.  65°N. 

62  88  68  73 

It  can  be  seen  that  there  is  a  slight  variation  in  the  percentages  but  not  greater 
than  might  be  expected  from  the  nature  of  the  data. 

In  comparing  the  rate  of  transport  during  the  winter  with  the  mean  yearly 
transpor.,  it  is  found  that  the  ratio  of  the  transport  as  given  by  the  February  data 
to  the  mean  transport  as  given  by  the  February  and  August  data  is  : 

35°N.  45°N.  55°N.  65°N. 

1-93  1  19  1-42  1*34 

It  was  also  possible  with  the  data  at  hand  to  show  more  clearly  the  relative 
magnitudes  of  the  local  eddy  flux  of  sensible  heat  and  the  standing  eddy  flux. 
For  this  purpose  a  selection  of  five  stations  along  latitude  45',N.  was  made.  These 
included  Spokane,  Wash.  ;  Tatoosh,  Wash.  ;  Bismark,  N.D.  ;  Int.  Falls.  Minn.  ; 
and  Caribou,  Maine. 

The  local  eddy  flux  was  computed  for  February  1949  for  each  of  these  stations 
in  a  manner  similar  to  Priestley's.  The  standing  eddy  flux  was  then  obtained  from 
a  consideration  of  the  space  correlation  of  the  time  means  for  each  of  these  stations. 
The  mean  local  eddy  flux  and  the  standing  eddy  flux  for  these  stations  are  given 
in  Table  III.  It  can  be  seen  that  both  terms  are  of  the  same  order  of  magnitude. 

TABLE  III.  A  comparison  of  the  magnitude  of  the  mean  local  eddy  flux  and  standing  eddy  flux 
of  sensibte  heat  at  the  various  levels  in  the  atmosphere  over  regions  of  tire  United  States  at  latitude 
45°N.  Units  in’A  X  m/ sec  per  cm  of  longitude  for  a  vertical  distance  equal  to  one  mb  of  pressure 

difference. 


mb 

Mean  local  eddy  flux 

Standing  eddy  flux 

850 

+  10*02 

4-  14*41 

700 

+  10-29 

+  7-43 

500 

+  11*39 

+  2  52 

300 

H  1*19 

-  1*25 

200 

-  12-0S 

- 12*96 

IU0 

+  l  34 

-0-27 

Refekenc.es 


Priestley,  C.  H.  13. 

1944 

Quart.  /.  R.  Met.  Soc.,  79,  p.  28. 

Hlarr,  V.  P. 

194s 

J.  Met.,  5,  p.  193. 

Starr,  V.  P. 

Starr.  V.  P„ 

White.  R.  M.. 

1919 

Final  Report,  Contract  W28-099ac-406.  Geophysical  Research 
Directorate,  Air  Materiel  Command,  U.S.  Air  Force. 

l^irenz.  E  N. 

1450 

Report  No.  5,  Contract  AF  19{122)-153,  Air  Force  Cambridge 
Research  Labs.,  U.S  A. 

The  Meridional  Flux  of  Sensible  Heat  over  the  Northern 

Hemisphere 

By  ROBERT  M.  WHITE,  Air  Force  Cambridge  Research  Laboratories1 


(Manuscript  received  21  November  1950) 


Abstract 

The  meridional  eddy  flux  of  sensible  heat  is  examined  by  means  of  finite  diiference 
integration  methods  from  northern  hemisphere  charts  for  the  winter  1945 — 46.  The  eddy 
sensible  heat  flux  is  shown  to  occur  principally  in  the  lowest  layers  of  the  atmosphere 
and  to  decrease  with  elevation.  The  magnitude  of  the  eddy  sensible  heat  transports  are 
compared  with  the  total  poleward  energy  flux  required  by  the  radiation  balance,  and  are 
shown  to  comprise  a  very  large  fraction  of  this  flux. 


Introduction 

The  difference  in  the  net  heating  of  equator¬ 
ial  and  polar  latitudes  necessitates  a  meridional 
transport  of  total  energy  directed  from 
equatorial  to  polar  regions.  This  transport  may 
be  expressed  to  a  high  degree  of  accuracy  as 

T*  =  r!  +  /,  (c„ r  +  q\  +  0)  gvds  (1) 

where  h  is  the  contribution  to  the  poleward 
energy  flux  by  the  hydrosphere,  cp  is  the 
specific  heat  of  air  at  constant  pressure,  r  is 
tne  temperature,  q  is  the  specific  humidity, 
I  is  the  latent  heat  of  water  vapor,  0  is  the 
geopotential  energy  per  unit  mass,  (i  is  the 
density,  v  is  the  northward  component  of  the 
wind  velocity  and  ds  is  an  element  of  the 
conical  surface  above  a  given  latitude.  The 
integration  is  to  be  performed  over  the 
entire  conical  surface.  Equation.  (1)  may  be 
written  down  directly  from  considerations 
of  the  conservation  of  energy.  It  may  also 
be  deaved  from  die  general  physical  energy 
equation  and  the  equations  of  motion  as 
shown  by  Starr  and  collaborators  (1949). 

Equation  (1)  simply  states  that  the  poleward 

1  This  investigation  was  made  possible  through 
support  extended  by  the  Geophysical  Research  Direc¬ 
torate  of  the  U.S.A.F.  Cambridge  Research  Labora¬ 
tories.  A.M.C..  under  Contract  No  AF  19-122-15 1; 


flux  of  energy  may  be  accomplished  essentially 
as  (a)  an  energy  flux  within  the  oceans,  (b)  a 
flux  of  sensible  heat,  (c)  a  flux  of  latent  heat, 
(d)  and  a  flux  of  potential  energy.  The  term 
f  scpxQvds  results  from  the  combination  of 
the  flux  of  internal  energy  of  dry  air  and  the 
flux  of  kinetic  energy  transferred  as  work 
done  by  the  pressure  forces.  These  two  energy 
forms  are  always  transferred  in  the  constant 
ratio  cjR  where  R  is  the  gas  constant  for 
dry  air  and  r„  is  the  specific  heat  of  air  at 
constant  volume.  The  transport  of  kinetic 
energy  accomplished  by  the  flow  of  existing 
kinetic  energy  has  been  neglected  because 
of  its  smaller  order  of  magnitude  (see  Starr 
1 949)  ■ 

The  partition  of  the  poleward  energy  flux 
among  the  various  terms  in  equation  (i)  is  a 
problem  of  great  importance  for  a  better 
understanding  of  the  mode  of  operation  of  the 
general  circulation.  The  magnitude  and  varia¬ 
tion  of  the  flux  of  sensible  heat  across  various 
latitudes  upon  a  hemispherical  basis  will  be 
examined  below. 

Computation  procedure 

Because  of  the  lack  of  adequate  observed 
win  (I  data  upon  a  hemispherical  basis  it 
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becomes  necessary  to  compute  the  meridional 
flux  of  sensible  heat  using  geostrophic  winds. 
Use  of  such  a  measure  of  the  wind  velocity  to 
calculate  this  term  introduces  modifications 
into  its  meaning  whicli  arc  not  without 
advantages. 

The  integrated  flux  of  sensible  heat  across  a 
latitude  circle  at  a  given  geometrical  level 
in  the  atmosphere  is  given  by  the  expression 

Te  =  (2) 

where  dx  is  an  clement  of  distance  longitudi¬ 
nally  and  the  integration  is  performed  around 
a  complete  circle  of  latitude.  If  we  place 

x  —  x  +  x'  (i) 

gv  =  e V  +  (ovY  (4) 

where  the  primes  denote  deviations  of  the 
quantities  from  the  mean  around  the  latitude 
circle  at  the  given  level,  and  take  the  product 
of  equations  (3)  and  (4),  then  equation  (2) 
may  be  written  as 

Te  —  cp$XQi>dx  +  c,$x'(ov)’  dx  {$) 

in  which  each  of  the  terms  has  a  distinct 
physical  significance.  The  first  term  in  the 
right  hand  member  of  equation  (5)  is  the 
portion  of  the  flux  of  sensible  heat  due  to 
the  non-zero  value  of  qv  at  the  given  level, 
i.e.,  the  portion  transported  by  virtue  of  a 
mass  flux  at  the  level  and  hence  accomplished 
by  mean  meridional  cells  of  the  Hadley  type. 

The  second  term  in  equation  (5)  is  that  por¬ 
tion  of  the  flux  due  to  tnc  correlation  between 
r  and  (gi>)  along  the  latitude  circle.  As  such  it 
represents  the  transport  of  sensible  heat  by 
large  scale  horizontal  eddy  processes  associated 
with  eddies  of  the  size  of  migratory  cyclones 
and  anticyciones  of  middle  latitudes. 

If  the  terms  in  equation  (5)  are  computed 
geostrophically,  the  first  term  must  vanish 
and  the  only  portion  of  the  flux  wliich  does 
not  vanish  is  that  part  due  to  the  correlation 
between  the  temperature  and  the  meridional 
component  of  the  geostrophic  wind.  The 
question  arises  immediately  as  to  the  nature 
of  the  difference  between  the  geostrophic 
eddy  transport  and  the  actual  eddy  transport. 
This  point  will  be  discussed  in  greater  detail 
in  a  later  part  of  this  paper. 


Estimates  were  made  of  the  geostrophic 
eddy  transport  of  sensible  heat  based  upon 
complete  northern  hemisphere  data  by  finite 
difference  integration  methods.  The  data 
which  were  used  extended  only  up  to  500 
mb  and  were  available  in  a  mixed  coordinate 
system.  The  surface  data  were  available  at  the 
geometric  height  z  =»  o,  whereas  the  upper 
air  data  were  available  along  constant  pressure 
surfaces. 

The  computation  procedure  is  greatly 
simplified  if  the  eddy  flux  term  which  depends 
solely  on  the  correlation  between  the  temper¬ 
ature  and  (nv)  i<  calculated  along  constant 
pressure  surfaces.  The  assumption  which  is 
introduced  by  this  procedure  is  that  the 
correlation  between  the  temperature  and  the 
geostrophic  mass  flux  along  a  constant  level 
can  be  approximated  by  the  correlation  be¬ 
tween  the  temperature  and  the  geostrophic  wind 
along  some  corresponding  pressure  surface. 
It  is  probable  that  the  eddy  flux  computed 
from  constant  pressure  charts  resembles  closely 
a  similar  flux  calculated  from  constant  level 
charts.  For  purposes  of  this  investigation  this 
condition  is  assumed  to  hold.  In  any  case  we 
may  state  that  the  eddy  flux  of  sensible  heat 
which  has  been  calculated  is  that  given  by 
computations  based  upon  constant  pressure 
surfaces. 

The  data  which  are  available  for  computa¬ 
tional  purposes  are  in  the  form  of  the  sea  level 
pressure  distribution,  and  the  height  distribu¬ 
tions  of  the  700  and  500  mb  surfaces.  In  view  of 
this  it  becomes  more  convenient  to  use  the 
approximation  that 

*! 

/  0cprgvtdxdz  w  cpjgf  $xvtdxdp  (6) 

*  =  o  500  mb 

where  z  *»  o  is  sea  level,  zt  is  equal  to  some 
constant  height  at  approximately  the  joo  mb 
level,  pt  is  taken  as  the  sea  level  pressure  and 
the  clement  ds  has  been  approximated  by 
dxdz  where  dx  i s  an  element  of  distance 
longitudially  and  dz  is  an  element  of  distance 
in  the  vertical.  Substituting  the  geostrophic 
relation  for  vt  we  find 

c,lg/ tfrvtdxdp  =  cP!ff$rydxdp  (7) 

500  500  mb 

where /is  the  coriolis  parameter. 
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Since  temperature  observations  are  not 
available  within  these  layers  over  a  wide 
network  of  stations  it  is  necessary  to  substitute 
the  mean  virtual  temperature  of  the  layer 
in  question  for  the  actual  temperature.  Because 
die  magnitude  of  the  eddy  transport  across 
any  given  latitude  circle  depends  not  on  the 
absolute  value  of  the  temperature  but  upon 
the  correlation  between  the  wind  direction 
and  the  temperature  and  the  variance  of  these 
quantities  when  integrated  around  a  latitude 
circle,  this  substitution  probably  introduces 
only  a  slight  error,  the  mean  virtual  temper¬ 
ature  and  die  actual  mean  temperature  of  the 
layer  being  very  highly  correlated,  and  the 
variance  of  the  mean  virtual  temperature  being 
about  equal  to  the  variance  of  the  actual 
mean,  temperature. 

The  sea  level  pressure  was  reduced  to  the 
height  above  sea  level  of  die  1013  mb  surface, 
assuming  the  NACA  standard  atmosphere. 
This  reduction  introduces  a  slight  error  into 
the  calculations.  We  may  write  that  the  eddy 
transport  of  sensible  heat  evaluated  up  to 
500  mb  is  composed  of  three  terms  as  follows: 


1*700  mb 


/I  /  tfr^-dxdp 

J  l  500  mb  OX 


1013  mb 

b  /  0rv~  dx dp  + 

700  mb  vx 


+  /  $rv~dx  dp  (8) 

1013  mb  "x 


where  r„  is  the  mean  virtual  temperature 
appropriate  to  the  given  layer.  The  integration 
of  the  first  two  terms  with  respect  to  pressure 
in  the  vertical  is  between  two  constant  pressure 
surfaces  and  hence  presents  no  problem  in 
evaluation.  The  third  term  however  has  a 
variable  upper  limit  of  integration  because 
the  sea  level  pressure  is  not  constant  along  a 
latitude  circle.  It  seems  highly  probable  that 
the  transport  given  by  the  third  term  is  no 
larger  than  the  transport  between  two  constant 
pressure  surfaces  separated  by  an  amount 
equal  to  the  average  pressure  difference  be¬ 
tween  sea  level  and  1013  mb.,  i.e.,  by  perhaps 
30  mb,  so  that  the  third  term  is  perhaps  a 
tenth  as  large  as  the  second.  Wc  may  state 
then  that  in  all  probability  the  errors  introduced 
by  the  conversion  of  the  surface  pressure  to 
the  height  of  the  1013  mb  surface  are  minor 
in  nature.  The  eddy  transport  of  sensible 
heat  was  computed  for  the  layers,  1013  to 


700  nib,  and  700  mb  to  500  mb.  The  mean 
geostrophic  wind  for  each  layer  defined  as 
die  mean  of  the  geostrophic  wind  at  the  top 
and  at  the  bottom  of  the  layer  in  question  was 
used.  The  product  of  die  mean  virtual  tem¬ 
perature  ana  the  geostrophic  wind  was  formed 
at  72  evenly  spaced  points  at  each  circle  of 
latitude  and  then  the  integration  of  equation 
{7)  was  accomplished  by  summing  the  72 
products  so  derived  for  each  latitude  circle 
and  each  layer  for  each  day.  The  computa¬ 
tions  of  the  eddy  transport  of  sensible  heat 
were  carried  out  by  the  General  Circulation 
Project,  M.I.T.  partly  by  hand  and  pardy 
by  punch  card  methods. 

The  question  may  legitimately  be  raised  as 
to  die  nature  of  die  difference  between  the 
eddy  transport  of  sensible  heat  by  actual  winds 
versus  that  by  geostrophic  winds.  These  eddy 
transports  were  compared  over  regions  of 
Nortn  America,  where  sufficient  observed 
upper  wind  data  are  available.  Data  for  the 
months  of  January  1949  and  December  1948 
were  selected  over  regions  of  the  United 
States  between  latitudes  43 0  N  and  50°  N. 
Wherever  possible,  rawinsonde  stations  were 
selected  to  prevent  bias  toward  fair  weather 
synoptic  patterns.  The  study  was  carried  out 
only  at  700  mb.  The  sources  of  the  data  were 
as  follows: 

(a)  700  mb  actual  winds  and  temperatures 
were  gathered  from  the  United  States  Weather 
Bureau  Daily  Upper  Air  Bulletin.1 

(b)  700  mb  geostrophic  winds  were  compu¬ 
ted  from  Daily  United  States  Weather  Bureau 
700  mb  charts,  The  ratio 

rFt  ~~  XVt  =  t'v/ 

rVa  —  rVa  r'vj 

was  examined.  Here  r  is  the  temperature  in 
degrees  centigrade,  v%  is  the  geostrophic  wind 
velocity,  v„  is  the  observed  wind  velocity. 
The  bars  denote  means  with  respect  to  time 
and  space,  and  the  primes  denote  deviations 


1  The  stations  selected  for  this  study  were :  Bis- 
mark  N.D.  764;  Buffalo,  N.Y.  528 ;  Caribou,  Me. 
711 :  Glasgow,  Mont.  758;  International  Falls,  Minn. 
747;  Lander,  Wyo.  576;  Rapid  City,  S.D.  662;  St. 
Cloud,  Minn.  644:  Sault  Ste.  Marie,  Mich.  73s:  Spo¬ 
kane,  Wash.  78s  :  Tatoosh,  Wash.  798 ;  Great  Falls, 
Mont.  77J. 
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Table  I 

The  rattan  geottfophic  eddy  tnupott  of  temiblt  heat  arrow  various  latitude*  fox  the  winter  aeaton 
1945 — 44  for  layer*  and  period*  tpeclSed.  Unit*  in  c*U  tec-1  x  io <  !1 


Month 

Layer 

Lat.  75°  N 

65 

•  N 

55 

0  N 

45 

“  N 

35 

0  N 

IOI3  — 

-700 

mb 

— 

js.o 

4- 

147.0 

+ 

447.1 

-i- 

371-0 

+ 

193-9 

Nov. 

1945 

700 - SOO 

mb 

+ 

17 -9 

+ 

92.2 

+ 

189.9 

+ 

168,3 

+ 

74-3 

tOI3  — 

-500 

mb 

— 

20.2 

+ 

238.2 

4* 

636.9 

+ 

539-3 

4 

268.1 

io«3- 

-700 

mb 

— 

2,4 

+ 

172.9 

+ 

670.7 

+ 

781.9 

4 

361-2 

Dec. 

»94J 

700 - 500 

mb 

23.  3 

+ 

«4-i 

+ 

321,5 

+ 

168.6 

4 

107.6 

3013— 

-500 

mb 

+ 

20.9 

+ 

357.0 

+ 

892.3 

4 

950.5 

+ 

468.8 

IOI3  — 

-700 

mb 

+ 

335.4 

+ 

745-8 

4 

580.1 

+ 

177.0 

Jan. 

1946 

700 — 5  00 

mb 

+ 

120.8 

4* 

198.7 

4- 

232.7 

+ 

122.5 

1013— 

-500 

mb 

+ 

487.1 

4 

941.7 

+ 

812.7 

+ 

279.2 

1013— 

-700 

mb 

+ 

41. i 

+ 

2694 

4 

683.7 

4 

713.0 

+ 

320.0 

Feb. 

1946 

700—500 

mb 

•4* 

1. 1 

+ 

60.2 

+ 

178.3 

+■ 

IS3-7 

4- 

841.7 

1013- 

-500 

mb 

+ 

42.1 

+ 

329.6 

4 

862.1 

4 

866.8 

+ 

404-1 

1013—700 

mb 

+ 

226.4 

+ 

632.5 

+ 

612.3 

+ 

261.2 

1  Mean 

700 — 500 

mb 

Ba 

+ 

88.4 

4 

197.6 

4" 

179,4 

+ 

96.6 

1 

i  mu- 

-joo 

mb 

mm 

4* 

328.7 

+ 

834.2 

4- 

792.6 

+ 

3S4-6 

from  the  means  of  these  quantities  in  both 
time  and  space.  The  quantities  z'v.'  and  z:v/ 
are  proportional  to  the  mean  eddy  flux  of 
sensible  heat  over  the  limited  length  of  the 
latitude  circle,  itrj  and  zva  are  proportional 
to  the  total  flux  of  sensible  heat  including 
the  flux  due  to  the  correlations  between  t 
and  v  and  the  flux  due  to  a  non-zero 
v  •  zt^  and  t Va  represent  the  component  of 
the  flux  due  td  the  non-zero  v  over  the 
limited  length  of  the  latitude  circle  and  that 
component  which  we  wish  to  subtract  out. 

The  data  were  examined  separately  by 
months  and  also  as  a  single  sample.  The  total 
number  of  cases  was  472.  The  value  of  this 
ratio  for  the  entire  sample  was  0.82.  Thus  in 
this  sample,  the  eddy  transport  by  actual 
winds  is  about  20  per  cent  greater  toward 
the  north  than  the  transport  by  geostrophic 
winds.  For  the  individual  months,  this  ratio 
was  essentially  constant,  being  0.83  during 
December  1948,  and  0.79  during  January 
X949.  These  results  indicate  that  the  geo¬ 
strophic  eddy  transport  of  sensible  heat  is  a 
good  measure  of  the  observed  eddy  transport 
of  sensible  heat. 

3 — 1 01240 


Results 

The  mean  monthly  values  of  the  geostrophic 
transport  of  sensible  beat  across  various  lati¬ 
tude  circles  are  presented  in  Table  I.  One 
feature  which  is  apparent  is  the  concentration, 
of  the  eddy  transport  of  sensible  heat  in  the 
layer  between  1013  and  700  mb.  Approx¬ 
imately  70  per  cent  of  the  eddy  transport  of 
sensible  heat  which  is  accomplished  below 
500  mb  tabes  place  in  the  lowest  layer.  This 
is  in  contrast  to  the  horizontal  meridional 
eddy  transport  of  angular  momentum  which 
appears  to  be  at  a  maximum  in  the  high 
tropospheric  layers  (see  Stash  and  White 
1951). 

It  should  be  pointed  out  that  because  of 
the  irregularities  of  the  earth’s  surface,  and 
because  artificially  reduced  sea  level  pressures 
were  used,  the  eddy  flux  of  sensible  heat 
between  1013  and  700  mb  includes  a  fictitious 
component.  This  component  is  probably 
largest  in  the  latitudes  of  the  Himalaya  moun¬ 
tains  where  the  mountain  barriers  arc  oriented 
in  an  east-west  direction  and  extend  to  great 
heights.  It  is  not  possible  with  the  data  at 
hand  to  determine  the  magnitude  of  this 
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fictitious  component  but  it  is  felt  to  be  of 
minor  importance  in  view  of  the  small  portion 
of  the  latitude  circle  which  is  covered  by  such 
mountain  ranges. 

In  all  months  the  eddy  transport  of  sensible 
heat  reveals  a  maximum  somewhere  in  middle 
latitudes,  decreasing  both  poleward  and  equa- 
torward.  The  location  and  intensity  of  the 
maximum  eddy  transport  of  sensible  heat 
between  1013  and  500  mb  varies  from  month 
to  month.  It  is  of  interest  to  compare  the  mean 
monthly  eddy  transport  with  the  character 
of  the  mean  monthly  northern  hemisphere 
pressure  distribution.  Table  II.  However  in 
view  of  the  small  number  of  months  of  data 
which  have  been  examined,  the  results  can 
only  be  considered  as  suggestive.  Several 
factors  must  be  taken  into  account  in  any 
attempt  at  such  a  comparison.  The  seasonal 
trend  to  stronger  poleward  transports  from 
early  to  late  winter  must  be  considered.  Thus 
the  transport  for  November  is  somewhat 
smaller  than  those  of  other  months. 

As  regards  the  three  mid-winter  months  it 
appears  that  December  1945  which  possesses 
the  lowest  sea-levd  zonal  westerly  index  also 
possesses  the  most  intense  maximum  (950.$  X 
io1*  cals  sec-1)  which  occurs  at  the  relatively 
low  latitude  of  45°  N. 


Table  II 

The  mean  moaihljr  meridional  sea-level  prawn 
profiles  for  the  months  as  indicated.  Units  in  mb 


Month 

Nov.  1945 

Dec-  1945 

1*0.  1946 

Ftb.  19*6 

Lat. 

8o°  N 

1019*2 

1022.3 

1018.9 

1026.9 

75°  N 

1014.8 

1019.8 

1014.1 

1021. 2 

70°  N 

1013.8 

1019.7 

1012.0 

1016,9 

65°  N 

10137 

1 020.  Z 

1010.8 

1013.5 

60°  N 

IOI3.Q 

1018.7 

I0I0.X 

XOU.3 

S5“  N 

JOI3-9 

1016.6 

ion. 7 

1011.0 

jo°  N 

1016.8 

2014.1 

1015.2 

1012.9 

45°  N 

1018,7 

1012.7 

1018. 8 

1015.7 

40°  N 

1018.9 

1014.4 

1020.6 

IOJ7.8 

3S°  N 

zci  8.5 

1016.8 

1021.1 

1018.7 

30"  N 

1017  s 

1018.1 

1020.6 

1019. 1 

as®  N 

1016.2 

10]  8.0 

1019*2 

1018.4 

20°  N 

1014.4 

1016.1 

1016.8 

1016.7 

15°  N 

IOS  2,0 

1013 '4 

10X4.0 

1013.7 

10°  N 

1010.0 

JOIT.2 

101  r.s 

1011.2 

On  the  other  hand  January  1946  has  an  abnor¬ 
mally  high  sea-level  zonal  westerly  index  with 


a  comparable  maximum  (941.7  xio*1  cals 
sec-1)  which  is  displaced  to  a  much  higher 
latitude  at  55’  N,  February  1946  which  »  a 
more  normal  month  as  regards  the  sealevel 
zonal  westerlies  has  a  less  intense  maximum 
(866.8x10“  cals  sec-1)  located  at  45°  N. 
In  February  however  the  value  of  the  transport 
across  55s  N  is  almost  equal  to  it  in  magnitude 
(862.1  xio’*  cak  see '■  ‘}  indicating  that  the 
maximum  may  lie  somewhere  between  45®  N 
and  55“  N. 

It  is  of  interest  also  to  compare  tin:  actual 
magnitudes  of  the  mean  eddy  transport  of 
sensible  heat  between  1013  and  500  mb  for 
the  four  months  which  have  been  investigated 
with  estimates  of  the  total  energy  transport 
which  is  required  by  the  radiation  balance 
of  the  earth  and  atmosphere.  Such  estimates 
are  crude  and  vary  within  wide  limits. 
The  required  yearly  normal  poleward  total 
energy  transport  based  upon  die  radiation 
data  of  Albrecht  (1931}  and  another  such 
preliminary  estimate  based  upon  data  given 
by  Gabites  (1950)  differ  quite  substantially 
but  may  be  used  as  indicating  possible  limits 
of  die  required  total  energy  transport.  These 
data  are  given  in  Tabic  HI.  Comparison  with 
Table  I  where  the  mean  geostrophic  eddy 
transport  of  sensible  heat  for  the  four  months 
November  1945  to  February  1946  is  given 
may  be  made. 

Table  UI 

The  yearly  normal  total  poleward  energy  flax 
acrott  varions  latitude*  required  hy  the  radiation 
balance  to  maintain  the  temperatnre  difference 
between  polar  and  equatorial  region*  baaed  xpon 
(a)  radiation  data  according  to  Albrecht  and  (h) 
according  to  Gabites.  Units  in  cals  sac'1  X  to1* 


Lat. 

(a) 

(b) 

30°  N 

+  620 

+ 

903 

40°  N 

+  660 

+ 

1.044 

50s  N 

+  J64 

-f 

917 

60°  N 

+  399 

+ 

670 

70°  N 

+  J99 

*4** 

3*4 

80°  N 

+  S3 

+ 

1  os 

90°  N 

O 

0 

Although  rigid  comparison  of  these  two 
sets  of  figures  is  ruled  out,  because  the  eddy 
transports  given  ii  "rble  I  have  been  computed 
for  only  one  winter  season  and  only  up  to 
500  mb,  and  the  transports  in  Table  ID  are 
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Tabic  IV 

The  mean  monthly  divergence  of  the  eddy  iremport  of  teaxible  heat  for  the  four  month*  of  the 
winter  1945 — 46  at  indicated,  in  the  layer  from  the  rurfece  to  500  mb  within  selected  latitude  belli. 

Unit  in  call  iec~*  x  I0+1* 


Month 

Lit.  Belt 

35 — 45°  N 

45-JS?  N 

55—65“  N 

65—75°  N 

75 — 90°  N 

Nov . 

-f-  271.2 

| 

i!>8- 7 

2jS.4 

+  20.2 

Des . . 

+  4&1.7 

|K9tfK 

—  635.3 

- 2.36.1 

— —  20. 

. 

+  533  5 

— ■  454-6 

-  4*7.1 

(65° — 90“  N) 

Feb . . 

+  4<Si.7 

—  532-5 

-  287-5 

—  42-1 

[  Mem  . 

+  438.0 

■ns 

•—  505.5 

™  315-0 

—  13.7 

yearly  normals,  some  information  about  the 
efficiency  of  the  eddy  transport  processes 
relative  to  other  modes  of  meridional  energy 
flux  may  be  obtained  because  of  the  following 
considerations.  The  mean  geostrophic  eddy 
flux  of  sensible  heat  for  the  winter  of  1945 — 46 
has  been  computed  up  to  500  mb  and  if  used 
as  a  typical  yearly  value  will  be  considerably 
in  underestimate  because  of  the  neglect  of  the 
transport  above  500  mb,  but  on  the  other 
hand  will  be  considerably  in  overestimate 
because  only  the  winter  season  has  been 
sampled.  The  extent  to  which  these  two 
factors  tend  to  cancel  will  determine  the 
appropriateness  of  the  use  of  these  mean 
geostrophic  eddy  transports  of  sensible  heat 
in  conjunction  with  the  total  energy  transport 
which  has  been  estimated  on  a  yearly  normal 
basis.1 

It  appears  then  from  comparisons  of  Tables 
I  and  III  that  eddy  sensible  heat  transport 
processes  account  for  a  major  portion  of  the 
required  total  energy  flux. 

The  relation  between  the  mean  monthly 
pressure  profiles  and  the  distribution  of  the 
divergence  of  the  transport  of  sensible  heat 


1  The  extent  to  which  the  factors  mentioned  above 
actually  do  cancel  was  studied  for  regions  of  North 
America  from  rawin  and  rason  observations  which 
reach  to  great  heights.  It  was  found  that  in  middle 
latitudes  approximately  70  per  cent  of  the  total  eddy 
transport  of  sensible  heat  takes  place  below  500  mb. 
On  the  other  hand  a  measure  of  the  wintertime  rate 
of  transport  in  middle  latitudes  was  approximately 
45  per  cent  greater  than  a  measure  of  the  yearly  mean 
rate  of  transport.  This  study  suggested  that  the  geo¬ 
strophic  eddy  transport  of  sensible  heat  computed  dur¬ 
ing  the  winter  months  and  only  up  to  500  mb  may 
be  a  good  approximation  to  the  yearly  mean.  For 
further  details  of  this  study  see  White  (1950). 


may  be  examined.  The  magnitude  of  the 
divergence  of  the  eddv  transport  of  sensble 
heat  is  proportional  to  the  generation  of  kinetic 
energy,  to  die  extent  that  horizontal  eddy 
transport  processes  comprise  the  principal 
mode  of  transport  in  the  atmosphere.  The 
mean  monthly  divergence  of  the  transport  of 
sensible  heat  by  latitude  belts  is  given  in  Table 
IV.  The  divergence  of  the  transport  of  sensible 
heat  is  represented  by  the  difference  between 
the  rate  of  inflow  of  sensible  heat  into  a  given 
region  and  the  rate  of  outflow  from  the  same 
region.  When  a  divergence  of  this  transport 
exists,  i.e.,  when  there  is  more  going  out  of  a 
given  latitude  belt  than  is  coming  in,  then  there 
must  exist  a  generation  of  kinetic  energy 
within  this  belt.  O11  the  other  hand  a  con¬ 
vergence  of  the  transport  of  sensible  heat 
signifies  a  disappearance  of  kinetic  energy. 

According  to  the  present  supposition  it 
may  be  inferred  from  an  examination  of 
Table  IV  that  in  all  months  there  exists  a 
region  of  dissipation  in  more  northerly  lati¬ 
tudes.  This  systematic  arrangement  of  the 
regions  of  kinetic  energy  generation  and 
dissipation  agrees  with  recent  suggestions 
made  by  Starr  and  colloborators  (1949) 
that  a  primary  source  of  kinetic  energy  for 
the  atmosphere  lies  in  the  subtropics. 
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A  Note  on  the  Kinetic  Energy  Balance  of  the  Zonal 

Wind  Systems 

By  H.  L.  KUO,  Massachusetts  Institute  of  Technology 
(Manuscript  received  ij  July  1951) 


Broadly  speaking,  there  arc  two  processes  that 
may  produce  the  needed  transport  of  angular 
momentum  from  the  rones  of  surface  easterlies  to 
thane  of  surface  westerlies.  One  is  a  large-scale 
mean  connective  process,  with  ascending  motions 
iu  lower  latitudes  and  descending  morions  in  higher 
brimdrs  The  other  is  the  large-scale  eddy  morions. 
Although  some  types  of  mean  meridional  circula¬ 
tions  might  be  able  to  account  for  die  necessary 
transport,  the  existence  of  such  circulations  is  hard 
to  rstahbh  ohservationally.  On  the  other  hand,  the 
amjtigarions  conducted  at  the  Massachusetts  In¬ 
stitute  of  Technology  and  at  the  University  of 
(affiHim  have  demonstrated  that  the  eddy  process 
not  only  produces  enough  angular  momentum 
pansier  bat  abo  produces  sufficient  transfer  of 
energy  to  maintain  the  atmosphere  in  radiations] 
ojmliirnm.  This  suggests  that  the  general  ctrrula- 
tm  it  maintained  mainly  by  the  large-scale  eddy 
process. 

However,  before  any  definite  conclusion  is  drawn, 
one  most  abo  investigate  the  relative  efficiency  of 
the  two  processes  as  regards  the  kinetic  energy 
balance  of  the  mean  tonal  flow.  For  this  purpose 
each  velocity  component  may  be  decomposed  into  a 
mean  value,  defined  as  the  average  along  a  latitude 
caukr,  and  a  deviation  bom  this  mean  so  that 
■  r-r+r',  u>  —  w  +  w",  whete  u, 

v.  w  are  respectively  die  eastward,  northward  and 
upward  components,  and  u',  it',  w'  are  the  eddy 
component),  in  spherical  coordinates  the  tonal 
momentum  equation  may  be  written 
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where  0  is  latitude,  X  longitude,  z  elevation .  /  the 
Coriolis  parameter,  a  earth’s  radius,  Q  density,  p 
pressure  and  t  time.  The  effect  of  the  vertical  com¬ 
ponent  of  the  deflecting  force  is  small  and  is  neglect¬ 
ed.  This  equation  may  be  multiplied  by  the  mean 
tonal  velocity  u  and  integrated  over  the  volume  V 
bounded  by  two  complete  latitude  circles  and  over 
die  entire  column  of  air  in  the  vertical.  For  this 
particular  problem  the  effect  of  the  variation  of 


density  along  latitude  circle)  and  with  rime  is  small 
so  tha n  =  ndqu'JDt.  It  follows  that 
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where  Ex 


I 

z 


/  QUad  V  is  the  total  kinetic  energy 


of  the  mean  zonal  motion,  A  is  the  mean  zonal 
current  in  angular  measure  dst  and  ds0  are  the  area 
elements  of  the  lateral  walls  and  bottom  respec¬ 
tively,  vn  is  inward  meridional  velocity  and  the 
limits  of  integration  are  as  stated.  This  equation  is  of 
bask  importance  for  the  study  of  the  general  circula¬ 
tion.  It  is  the  writer’s  desire  to  call  attention  to  the 
integral  requirement  which  it  expresses.  It  may  be 
noted  that  this  equation  is  similar  to  die  Reynold's 
energy  equation  for  the  mean  morion,  except  for  the 
tens  involving  /  due  to  earth’s  rotation.  However,  it 
is  derived  without  the  assumptions  of  incompressible 
motion  and  the  vanishing  of  die  velocities  along  the 
boundaries.  The  pressure  force  does  not  appear  in 
this  equation.  According  to  this  equation,  the  kinetic 
energy  of  the  mean  zonal  flow  can  change  not  only 
by  the  presence  of  mean  meridional  circulations, 
as  represented  by  the  terms  containing  gv ,  gw,  but 
also  by  a  conversion  of  the  eddy  kinetic  energy  into 
that  of  mean  zonal  flour.  This  rate  of  conversion  is 
given  by  die  products  of  the  eddy  stresses  gu'v' 
and  gu'w"  into  the  horizontal  and  vertical  shears 
of  the  mean  zonal  wind.  Because  die  vertical  veloc¬ 
ity  w  generally  differs  from  zero  at  the  level  where 
surface  wind  is  measured,  we  also  retained  the  last 
term,  where  the  subscript  zero  denotes  surface  values. 
This  term  may  be  interpreted  as  representing  die 
dissipation  of  the  kinetic  energy  of  mean  zonal  flow 
through  ground  friction.  The  dissipation  of  mean 
zonal  kinetic  energy  direedv  through  molecular 
viscosity  in  the  free  atmosphere  is  too  small  and 
is  neglected.  The  equation  obtained  may  also  be 
looked  upon  as  a  continuity  equation  expressing 
die  balance  of  mean  zonal  kinetic  energy  for  the 
atmosphere.  Thus  the  volume  integrals  can  be 
looked  upon  as  sources  (or  sinks)  and  die  surface 
integrals  as  net  inward  transports  of  this  energy 
across  the  boundaries. 

To  the  extent  that  data  are  available  it  is  possible 
to  examine  whether  the  eddy  process  can  provide 
sufficient  kinetic  energy  to  account  for  the  frictional 


loss.  This  is  given  by  the  first  two  terms  containing 
q u‘  v‘  and  gu’  w"  in  the  last  member  of  the  equation. 
These  terms  as  they  stand  include  the  effects  of 
small  scale  eddies  as  well  as  of  large  scale.  It  is  prob¬ 
able  that  the  small  scale  eddies  lead  to  dissipation 
so  tbit  only  large  eddies  need  be  considered. 

To  estimate  die  order  of  magnitude  of  the  first 
term  arising  from  the  large  eddies,  we  may  make  use 
of  the  values  of  gifv'  obtained  by  Stake  (1931) 
over  the  American  continent.  Although  these  values 
may  not  be  very  representative  for  the  hemisphere, 
the  order  of  magnitude  and  the  trend  of  the  merid¬ 
ional  distribution  sue  probably  correct,  hi  Starr’s 

data,  die  meridional  shear  of  the  zonal  wind,  JXjd& 
varies  very  little  with  height  above  700  mb,  there¬ 
fore  one  may  compute  this  rate  of  conversion  by 
using  the  integrated  values  of  the  angular  momen¬ 
tum  transfer  r  -2 no1  cosl0  f  gu'v'dz  (actually 
up  to  100  mb  level),  and  take  the  meridional  wind 
shear  at  the  500  mb  level  as  the  mean  wind  shear. 
Such  values  arc  given  in  table  I. 

Integrating  from  25°  N  to  70  0  N,  the  result  is  that 

f  TdA]?4>  d*P  ~^tzs  X  io*»  gm  cm1  sec~3.  There 
is  also  a  net  influx  of  about  ioox  io*9  units  through 
the  latitude  walls.  A  zero  value  of  t  at  around  io°  N 
is  suggested  by  an  as  yet  unfinished  study.  Integra¬ 
tion  from  io°  N  to  70°  N  gives  a  total  of  about 
200  x  ioti  gm  cm*  sec-3.  Each  of  these  computa¬ 
tions  gives  an  average  rate  of  conversion  of  about 
io_4  watts  per  cm*. 

As  for  die  second  term,  we  still  lack  any  reliable 
determinations.  However,  since  almost  all  die  large 
disturbances  in  middle  latitudes  have  their  axes 
inclined  toward  west  with  increasing  elevation  (one 
reason  for  this  inclination  is  the  thermal  asymmetry), 
the  correlation  u'w'  is  mosdy  negative  in  middle 
latitudes.  This  conclusion  has  been  confirmed  by  a 
few  indirect  computations  by  White  (1950).  In 
low  latitudes  the  correlation  u'w'  is  probably 
positive.  Since  dujdz  is  either  negative  or  small 
there,  the  total  contribution  of  the  second  term 
from  the  large  eddies  b  probably  negative.  Thus  this 
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term  may  be  combined  with  the  last  term  and  the 
of  the  first  term  arising  from  small  eddies 
and  looked  upon  as  constituting  the  total  dissipation 
through  skin  and  turbulent  friction. 

According  to  Brunt  {1041}  and  others,  the  rate 
of  dissipation  of  the  total  kinetic  energy  in  the  sur¬ 
face  layer  and  in  the  free  atmosphere  is  about  s  x  to"4 
watts  per  cm1.  Since  less  than  one-third  of  this 
total  dissipation  can  be  attributed  to  the  loss  of 
the  kinetic  energy  of  the  mean  zonal  How,  and 
since  the  use  of  long  period  averages  of  u'v  and 

3X1 3<P  gives  an  underestimation,  it  seems  that  the 
rate  of  conversion  obtained  is  of  the  right  order 
of  magnitude  and  is  sufficient  to  account  for  the 
frictional  loss. 

This  seems  to  suggest  that  the  eddy  process  in  the 
atmosphere  is  a  self  consistent  and  self  sufficient 
mechanism  in  maintaining  the  zonal  wind  systems. 
One  or  two  consequences  of  the  energy  equation 
may  be  noted.  Although  this  equation  itself  docs 
not  depend  upon  the  scale  of  the  morion,  as  already 
mentioned,  the  properties  of  the  eddy  stresses  may  be 
quite  different  for  the  small  scale  turbulent  motions 
and  for  the  large-scale  disturbances.  In  the  ordinary 
turbulence  regime,  die  momentum  flux  is  generally 
in  the  direction  of  the  gradient  of  the  mean  velocity 


so  that  a  virtual  coefficient  of  viscosity  K  can  be 
defined  such  that  q h  i/  =  —  Kpjuj^y,  where  y 
is  in  the  direction  of  increasing  ii.  However,  this  is 
not  necessarily  true  for  large-scale  eddies.  When 
the  flow  is  stable  and  the  disturbances  are  sustained 
by  some  other  processes,  the  reverse  may  happen 
and  the  disturbances  may  add  their  momentum 
and  energy  to  the  main  flow.  The  values  of  guv’ 

and  3X  130  cited  above  show  that  this  is  really 
the  case  for  the  large-scale  disturbances  in  the  at¬ 
mosphere.  This  is  not  only  true  for  momentum, 
but  also  true  for  ocher  properties.  Thus  even  when 
the  absolute  voracity  of  an  element  of  air  is  nearly 
conserved  during  its  motion,  it  does  not  necessarily 
follow  that  vorticity  will  be  transported  in  the 
direction  of  the  gradient;  rather  the  reverse  is  what 
should  be  expected  when  the  flow  is  relatively 
stable  for  horizontal  disturbances.  Only  when  the 
flow  is  quite  unstable  so  that  disturbances  develop  at 
the  expense  of  die  mean  flow  and  a  thorough  mixing 
is  produced,  the  momentum  and  vorticity  will  be 
transported  along  the  gradient.  One  must  not 
therefore  use  the  concept  of  virtual  viscosity  in 
discussing  the  effect  of  the  large-scale  eddy  morions 
in  the  atmosphere  {unless  the  possibility  of  a  nega¬ 
tive  viscosity  coefficient  is  admitted). 
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LARGE-SCALE  ATMOSPHERIC  EXCHANGE  PROCESSES  AS  DIFFUSION  PHENOMENA 

By  Robert  M.  White 
Air  Force  Cambridge  Research  Laboratories 

and  Glenn  II.  Jung 
Massachusetts  Institute  of  Technology1 
(Manuscript  received  11  May  1951) 


Introduction. — Consideration  of  the  large-scale  proc¬ 
esses  of  the  atmosphere  as  gross-turbulence  phenomena 
was  first  introduced  into  the  literature  by  Oefant  f  13- 
Mis  paper  stimulated  considerable  research  into  meth¬ 
ods  of  characterizing  the  nature  of  the  general  circu¬ 
lation  from  this  point  of  view.  Any  analogy  between 
turbulent  motions  and  the  large-scale  motions  of  the 
atmosphere  must  necessarily  be  crude;  nevertheless, 
as  a  working  hypothesis,  this  concept  has  proven  of 
interest  in  certain  phases  of  meteorology,  and  consid¬ 
erable  effort  has  been  ex|>ended  in  attempting  to  define 
the  turbulent  characteristics  of  the  system. 

In  such  investigations,  it  has  been  customary  to 
treat  the  large-scale  exchange  processes  by  analogy 
with  small-scale  diffusion.  It  is  thus  supposed  that  a 
parcel  of  air,  moving  from  one  environment  to  another, 
maintains  the  characteristics  of  its  original  environ¬ 
ment  while  moving  a  distance  called  the  ‘‘mixing 
length,”  whereupon  it  mixes  completely  with  its  new 
surroundings.  Thus,  the  diffusion  of  certain  properties 
of  the  fluid  may  be  characterized  by  use  of  a  diffusion 
coefficient.  In  such  a  scheme,  the  flux  of  any  quantity 
is  necessarily  directed  opposite  to  the  gradient  of  the 
quantity. 

Many  investigations  have  sought  to  determine  the 
large-scale  diffusion  or  gross-austausch  coefficient  as 
a  measure  of  the  intensity  of  the  large-scale  exchange 
processes  and,  hence,  as  a  measure  of  the  intensity  of 
the  general  circulation.  This  gross-austausch  coeffi¬ 
cient  has  sometimes  been  assumed  to  lie  fairly  constant 
and  equally  applicable  to  the  flux  of  momentum, 
sensible  heat  and  other  quantities,  save  for  the  use  of 
an  appropriate  dimensional  constant.  For  the  most 
part,  these  determinations  were  made  directly  from 
observed  wind  fluctuations,  according  to  the  formula 
which  is  used  in  studies  of  small-scale  turbulence. 

I^ettau  [3J  determined  the  magnitude  of  the  local 

1  Mr.  Jung's  work  was  sponsored  by  the  Geophysical  Research 
Directorate  at  the  Air  Force  Cambridge  Research  Laboratories 
under  Contract  No.  AF  19(1 22)- 1  S3. 


gross-austausch  coefficient  for  a  grid  of  points  (  wi 
the  northern  hemisphere,  by  considering  the  chara<  u-r 
of  the  local  fluctuations  of  the  surface  wind;  the  dm.i 
tion  of  the  fluctuations  was  used  to  determine  it- 
mixing  length.  More  recently,  to  determine  the  mei  ><|- 
ional  sensible-heat  flux,  Elliot  and  Smith  [23  m  It- 
use  of  this  method.  Lettau  [33  has  presented  valm^ 
of  the  mean  local  austausch  coefficient  by  latitui 
for  the  entire  northern  hemisphere  for  several  perir  Is. 
Values  of  the  mean  meridional  gross-austausch  co< ■in¬ 
dent,  for  the  polar  year  1932-33  as  computed  -v 
I-ettau,  are  given  in  table  1 . 

The  gross-austausch  coefficient  has  also  been  a  n- 
puted  from  considerations  of  the  intensity  of  Sit- 
meridional  mass  exchange.  By  this  method,  a  mi  *i 
austausch  coefficient  for  each  latitude  is  derr  <1 
directly.  This  type  of  determination  of  the  go 
austausch  coefficient  has  been  used  largely  to  char  . 
terize  the  intensity  of  the  general  circulation,  .. 
determination  of  the  mean  coefficient  of  large-sc  U- 
mixing  for  a  given  synoptic  chart.  In  this  meth 
the  mixing  length  is  determined  by  noting  the  aver.  . 
number  of  disturbances  along  a  latitude  circle  a  ■! 
then  determining  the  average  length  of  the  disu  .•- 
ances.  The  results  of  such  an  investigation  by  Wag.  r 
[53,  for  March  1931,  are  also  shown  in  table  1. 

It  is  now  becoming  possible  to  measure  the  van 
exchange  processes  directly.  It  is  of  considerable  int  1 
est  to  investigate  the  nature  of  the  gross-austau:  b 
coefficient  with  such  exchange  data,  because  of  1  v 
light  which  can  thus  be  thrown  on  the  validity  of  1  .e 
gross-austausch  concept. 

Table  1.  Magnitudes  of  mean  gross-austausch  coefficient 
(10’  g  cm'1  sec-1)  by  latitude  according  to 
Lettau  [3J  and  Wagner  [SJ 


Latitude  (deg  N) 

30  40  SO  60  70 


Lettau  —  6.2  8.2  7.0  6.8 

Wagner  5.9  6.5  7.0  6.2  5.0 
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Large-scale  exchange  cf  sensible  Heal.—' The  validity 
of  the  application  of  the  diffusion  analogy  to  the 
lai^e-scale  exchange  of  sensible  heat  in  the  atmosphere 
can  be  tested  in  the  following  way.  The  flux  of  sensible 
heat,  per  unit  area  of  surface  erected  at  a  given 
latitude  in  the  atmosphere,  is  given,  by  analogy  with 
the  diffusion  concepts,  as 

S  =  CrA+R-'  df/d<t>,  (1) 

where  c,  is  the  specific  heat  of  air  at  constant  pressure, 
A4  the  gross-austausch  coefficient,  R  the  radius  of  the 
earth,  and  T  the  mean  temperature  at  latitude  d>. 

The  mean  horizontal  flux  of  sensible  heat  per  unit 
area  and  unit  time  may  be  determined  directly  in 
another  manner,  since  the  flux  is  given  also  by 

5  =  f pvT  dx,  (2) 

where  p  is  the  density,  v  the  meridional  velocity,  L*  the 
length  of  the  latitude  circle,  dx  an  element  of  west- 
east  distance,  and  the  integration  is  performed  around 
a  complete  latitude  circle.  Thus,  we  have  at  our  dis¬ 
posal  a  means  of  examining  the  variability  of  A4  and, 
thereby,  of  testing  this  application  of  the  diffusion 
concept  to  the  flux  of  sensible  heat. 

One  of  the  basic  assumptions  underlying  (1)  is  that 
there  exists  no  net  mass  flux  through  the  surface  across 
which  the  flux  of  sensible  heat  is  to  be  determined. 
On  the  other  hand,  (2)  includes  a  component  of  the 
flow  of  sensible  heat  due  to  a  net  mass  flux  across  the 
surface.  However,  this  component  is  eliminated  if  use 
is  made  of  the  geostrophic  approximation  to  evaluate 
this  integral,  since,  at  a  given  level  in  the  atmosphere, 

pm,  dx  -  £ f-'(dp/dx)  dx  =  0,  (3) 

where  v,  is  the  geostrophic  wind,  /  the  Coriolis  param¬ 
eter,  p  tht  pressure,  and  the  integration  is  performed 
around  a  complete  latitude  circle.* 

The  geostrophic  evaluation  of  (2)  was  undertaken 
by  White  [bj  for  four  winter  months,  November  1945- 
February  1946,  from  daily  synoptic  charts  for  0300 
GCT.  Finite-difference  integration  methods  were  used. 
The  geostrophic  wind  was  evaluated  from  charts  of 
the  northern  hemisphere  at  four  latitudes,  extending 
from  35  to  65 °N.  It  was  found  convenient  to  make 
use  of  the  mean  virtual  temperature  and  to  evaluate 
(2)  by  layers.  The  flux  of  sensible  heat  in  the  layers 
1013-700  and  700-500  mb  was  evaluated  by  use  of  a 

•Thus,  if  the  temperature  is  expressed  as  T  «  T(p)  +  T', 
where  T‘  is  a  deviation  from  the  mean  value  for  the  latitude 
circle,  the  geostrophic  flux  of  sensible  heat,  according  to  (2),  be¬ 
comes 

fm,T  dx  -  ft1  ( 9p/9x)(f  +  D  dx  -  0  +  fpo,r  dx. 

For  actual  winds,  on  the  other  hand, 

/<»r  dx  ■*  £ tn>T  dx  +  ef  pi/V  dx. 


grid  of  72  points,  evenly  spaced  around  a  latitude 
circle.  It  was  not  possible  to  evaluate  (2)  above  the 
500-mb  level,  because  of  lack  of  data.  The  meridional 
temperature  gradient  which  enters  into  (1)  is  easily 
determined  from  the  daily  hemispherical  meridional 
pressure  profiles. 

The  resulting  data  consist  of  120  instantaneous 
values  of  the  sensible  heat  flux  spaced  24  hr  apart 
as  evaluated  by  (2),  and  120  values  of  the  meridional 
gradient  of  the  mean  virtual  temperature  in  the  layer 
1013-500  mb,  at  the  four  latitudes.  In  all  cases,  the 
temperature  gradients  were  measured  over  a  distance 
of  10  deg  lat,  extending  5  deg  lat  on  each  side  of  the 
latitude  circle  involved.  With  these  data,  the  values 
of  for  each  of  the  layers  and  latitudes  may  be  de¬ 
termined  by  equating  (1)  to  (2). 

Results. — The  mean  values  of  Af  are  given  in  table  2, 
for  the  4-month  period  in  the  layer  1013-500  mb  for 
varying  modes  of  time  averaging,  together  with  the 
ratio  of  the  standard  deviation  to  the  mean  A 4,  which 
is  sometimes  called  the  coefficient  of  variation  V. 
V  may  be  used  as  a  crude  measure  of  the  variability 
of  A4;  it  is  zero  when  the  coefficient  is  constant  and 
unity  when  the  standard  deviation  is  as  large  as  the 
mean. 

The  austausch  coefficients  shown  in  table  2  have 
the  same  order  of  magnitude  as  those  computed  by 
previous  investigators  (table  1)  from  considerations  of 
the  mass  flux,  but  are  somewhat  smaller.  The  lati¬ 
tudinal  variation  agrees  well  with  that  found  by  other 
investigators,  the  coefficient  reaching  its  maximum 
value  in  the  vicinity  of  55°N,  indicating  this  region 
as  the  zone  of  most  intense  mixing  in  the  atmosphere. 
The  values  of  A4  were  found  to  be  consistently  smaller 
in  the  upper  layer  that  in  the  lower  one  (data  not 
shown). 

The  dependence  of  V  on  latitude  and  mode  of  time 
averaging  gives  considerable  information  concerning 
the  constancy  of  A4.  The  coefficient  of  variation  of  the 
daily  values  is  extremely  large,  exceeding  0.50  in  all 
cases,  indicating  that  a  very  high  degree  of  variability 
exists  in  the  daily  values.  One  may  conclude  that  the 

Table  2.  Mean  meridional  gross-austausch  coefficients  (10’  g 
cm'1  sec"1)  and  coefficients  of  variation  at  various  latitudes, 
for  layer  between  1013  and  500  mb,  for  four-month 
period  November  1945-February  1946,  for 
various  modes  of  time  averaging. 


35 

Latitude  (dec  N) 

45  55 

65 

Daily  values 

A41 

1.04 

3.03 

6.56 

4.82 

V: 

0.58^ 

0.50 

0.69 

1.52 

3-day  means 

A 4 : 

1.03 

2.96 

6.13 

4.17 

V : 

0.39 

0.31 

0.49 

0.91 

6-day  means 

A.: 

1.04 

2.94 

5.92 

3.92 

V: 

0.33 

0.28 

0.35 

0.76 

12-day  means 

A4 : 

1.03 

2.93 

5.74 

3.58 

V: 

0.18 

0.26 

0.22 

0.60 
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diffusion  concept  applied  .  the  large-scale  features 
of  the  atmosphere  is  completely  invalid  over  short 
time  periods  whose  length  is  of  the  order  of  one  day. 
There  appears  to  be  a  systematic  increase  in  V  with 
latitude,  suggesting  that  the  diffusion  concept  becomes 
even  less  applicable  as  higher  latitudes  are  approached. 
This  is  true  for  al!  modes  of  time  averaging. 

The  dependence  of  A+  on  the  mode  of  time  aver¬ 
aging  is  rather  interesting,  but  not  entirely  unexpected. 
There  is  a  systematic  decrease  in  A4  as  longer  time 
periods  are  considered.  When  the  austausch  coeffi¬ 
cients  are  derived  on  the  basis  of  averaging  over  a 
period  of  12  days,  V  begins  to  approach  a  ievel  which 
would  indicate  a  very  small  degree  of  variability  except 
at  6S°N.  This  suggests  that  the  diffusion  concept,  at 
least  insofar  as  the  variability  of  the  austausch  coeffi¬ 
cient  is  concerned,  begins  to  be  valid  as  longer  time 
periods  (of  the  order  of  several  weeks)  are  considered. 
It  should  be  pointed  out,  however,  that  the  very 
process  of  averaging  any  series  of  data  will  tend  to 
reduce  the  variability  of  the  resulting  series. 

An  important  feature  of  the  diffusion  concept,  which 
is  verified  by  the  data,  is  that  the  sensible  heat  flux 
is  almost  always  directed  from  high  to  low  tempera¬ 
tures.  Only  eight  of  the  480  daily  cases  at  the  four 
latitudes  considered  reveal  a  sensible  heat  flux  in  the 
opposite  direction.  As  the  time  averaging  proceeds  to 
longer  periods,  the  flux  is  invariably  opposite  to  the 
gradient. 

A  closer  analysis  of  the  relationship  between  the 
flux  and  the  gradient  is  possible.  According  to  the 
diffusion  concept,  there  should  exist  a  relation  between 
the  two  such  that,  all  other  things  being  equal,  there 
is  an  increase  in  the  sensible  heat  flux  when  there  is 
an  increase  in  the  temperature  gradient.  A  measure  of 
the  relationship  of  this  kind  may  be  found  in  use  of  the 
coefficient  of  linear  correlation  between  these  quan¬ 
tities.  The  contemporaneous  correlation  coefficients 
between  the  gradient  and  the  flux  are  given  in  table  3. 


Table  3.  Coefficient  of  linear  correlation  between  geostrophic 
sensible-heat  flux  and  temperature  gradient  at  various  lati¬ 
tudes,  for  layer  between  3013  and  500  inb.  for  the 
four-month  period  November  1945-February 
1946,  for  various  modes  of  time  averaging. 


Latitude  (<Jeg  N) 


35 

4S 

ss 

65 

Daily  values 

0.12 

-0.18 

-0.09 

-0.23 

3-day  niean 

0.17 

-0.U 

-0.26 

-0  45 

6-day  mean 

0.10 

-0.08 

-0.24 

-0.66 

12 -day  mean 

0.20 

-0.05 

-0.37 

-0.43 

There  is  little  statistical  significance  in  the  correla¬ 
tion  coefficients,  except  perhaps  at  65QN  for  3-day  and 
6-day  means,  where  the  correlations  reach-  the  i  per 
cent  significance  level.  The  data  suggest  that  increased 
sensible-heat  transports  do  not  necessarily  occur  with 
increased  temperature  gradients;  if  anything,  the  con¬ 
trary  is  true  in  high  middle  latitudes.  These  results 
agree  with  those  of  Rossby  and  Willett  £4];  they  find 
that  it  is  during  periods  of  high  zonal  index  (and  little 
meridional  mixing)  that  the  greatest  temperature  gra¬ 
dients  are  found. 

It  is  suggested  that  the  sensible  heat  flux  over  short 
periods  may,  to  a  large  degree,  be  controlled  by  physi¬ 
cal  characteristics  of  the  general  circulation  other  than 
the  meridional  temperature  gradient. 
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NOTE  ON  THE  MERIDIONAL  TRANSPORT  OF  ENERGY 

BY  THE  OCEANS1 

By 
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ABSTRACT 

The  role  of  the  oceans  in  providing  poleward  energy  flux  within  the  earth's  fluid 
envelope  is  re-examined  in  regard  to  effective  transport  mechanisms.  A  hypothetical 
model  near  30  degrees  north  latitude  is  found  to  produce  a  sizeable  pole  ward  energy 
transport  when  effects  of  closed  vertical  circulations  operating  in  meridional  planes 
are  considered.  Available  data  for  the  Atlantic  do  not  conflict  with  this  result.  It 
fa  suggested  that  the  importance  of  such  meridional  circulations  should  not  be  disre¬ 
garded  in  computations  of  the  global  energy  balance. 

INTRODUCTION 

As  is  well  known,  in  polar  regions  there  is  a  net  radiation  of  energy 
into  space  from  the  earth  and  from  its  fluid  envelope,  the  oceans  and 
atmosphere.  In  tropical  regions  these  receive  a  net  excess  of  solar 
radiation.  However,  temperatures  show  neither  a  corresponding  pro¬ 
gressive  cooling  in  the  polar  cap  nor  a  progressive  warming  in  the  more 
tropical  regions.  There  must  exist,  therefore,  a  poleward  transport 
of  energy  through  the  earth's  Quid  envelope  in  order  to  maintain  the  ob¬ 
served  temperature  equilibrium,  since  conduction  through  the  earth 
proper  is  of  negligible  importance. 

From  qualitative  considerations  the  poleward  energy  flux  through 
the  oceans  has  been  assumed  small  compared  with  the  transport 
through  the  atmosphere  (see  von  Eezold,  1906;  Bjerknes,  1933). 
Sverdrup  (1942)  made  a  quantitative  estimate  for  ocean  energy  trans¬ 
ported  by  the  Gulf  Stream  System  in  the  North  Atlantic  Ocean.  This 
estimate  gives  a  small  percentage  of  the  radiation  requirements,  sug¬ 
gesting  that  ocean  currents  transport  no  more  than  10%  of  the  total 
poleward  energy  flux.  It  is  to  be  noted  that  this  estimate,  necessarily 
did  not  include  energy  transported  by  means  other  than  the  standing 
horizontal  eddy  comprised  of  the  GuL'  Stream  System  and  associated 
leturn  currents. 

'  The  research  insulting  in  this.  work  has  been  .sponsored  by  the  Geophysics  Re¬ 
search  Division  of  the  .Mr  Force  Cambridge  Research  Center  under  contract  No. 
AF  19-122-153. 

1  Fresenw  address:  Department  of  Oceanography.  Texas  A.  and  M.  College, 
College  Station,  Texas. 
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I  <■!  ns  consider  first  some  possible  energy  transport  mechanisms 
within  i he  ocean  which  may  be  important.  As  Sverdrup  has  noted, 
.standing  horizontal  eddies  provide  one  such  mechanism.  In  addition, 
it  is  conceivable  that  closed  vertical  mean  circulations  in  meridional 
planes  might  transport  large  amounts  of  energy,  even  though  the 
average  velocities  involved  are  extremely  small. 

Since  it  would  seem  improper  to  neglect  this  second  possibility  a 
priori,  some  estimate  of  the  possible  order  of  magnitude  of  the  trans¬ 
port  produced  by  it  should  be  made.  Furthermore,  if  this  result  is 
significant,  then  the  actual  presence  of  mean  meridional  circulations 
should  ho  investigated  from  oceanographic  data  in  so  far  as  this  is 
possible.  It  is  hoped  that  the  material  which  follows  may  serve  as  a 
beginning  in  the  study  of  these  two  questions. 

HYPOTHETICAL  VERTICAL  CIRCULATION 

Let  us  consider  the  energy  transported  by  a  simple  closed  vertical 
circulation  that  operates  within  a  hypothetical  model.  The  model 
used  is  illustrated  in  Fig.  1.  As  shown  in  B  of  Fig.  1,  a  northward 
velocity  of  about  0.51  cm  sec-1  is  assumed  to  be  present  from  the  sur¬ 
face  to  a  depth  of  950  m.  Ma3S  continuity  then  gives  a  southward 
flow  of  about  0.14  cm  sec-1  in  the  layer  below  950  m  which  extends  to 
an  assumed  bottom  depth  of  4,250  m, 

1  Seasonable  values  of  the  vertical  distribution  for  temperature  (T), 
salinity  (»S),  and  density  (p),  as  given  by  Fuglister  (i947),  were  em¬ 
ployed  in  the  hypothetical  model.  These  values  ave  for  approximately 
30  degrees  north  latitude.  The  temperature  distribution  is  given  in 
C  of  Fig.  1.  The  width  of  the  model  (extent  of  ocean  in  the  west-east 
direction)  was  chosen  ic  be  5,000  km,  i.  e.,  comparable  to  the  width  of 
the  Atlantic  at  30  degrees  north  latitude. 

Within  the  earth's  fluid  envelope,  the  total  energy  flux  across  a 
latitude  wall  can  be  represented  by  the  following  expression  used  by 
Starr  (1951): 

R  -  fj  (P  +  pc.  T  +  pgZ  +  pCV2K  dA  .  (1) 

P  is  pressure  and  T  is  temperature.  Applied  only  to  the  ocean,  Z  is 
vertical  distance  counted  upward,  p  is  the  density,  andc.  Is  the  specific 
heat  of  the  ocean  water.  C  is  the  ocean  current  speed  and  vK  is  the 
northward  component  of  velocity.  dA  represents  an  element  of  area 
of  the  latitude  wall  within  the  ocean. 

The  term  containing  P  may  be  regarded  as  the  rate  at  which  pressure 
forces  do  work  across  the  boundary  surface.  It  is  reasonable  to  assume 
that  the  term  containing  T  is  a  close  approximation  to  the  internal 
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Figure  1,  Hypothetical  model  at  a  cioeed  vertical  circulation  in  a  meridional  plane. 
A.  Schematic  representation.  B.  Amu  meet  velocity  dUtrihutlon  used  tor  computation*. 
C.  Temperature  distribution  in  vicinity  of  30  degrees  north  latitude  in  the  North  Atlantic 
Ocean  after  Fugllster  (1M7). 

energy  transport.  The  terms  containing  Z  and  C*/2  repreoent  trans¬ 
ports  of  potential  and  kinetic  energy,  respectively. 

Under  conditions  of  hydrostatic  equilibrium  the  term  in  (1)  in¬ 
volving  pressure  nearly  cancels  the  term  involving  potential  energy, 
so  that  the  sum  gives  a  negligible  contribution.  This  cancellation 
would  become  exaet  in  She  case  of  uniform  density. 

Using  any  reasonable  assumed  values  for  the  magnitude  of  C,  it  can 
be  shown  easily  that  advection  of  kinetic  energy  is  several  orders 
of  magnitude  smaller  than  the  transport  of  internal  energy. 

The  transport;  of  internal  energy  thus  determines  the  order  of 
magnita&!e  of  the  total  energy  flux  across  the  latitude  wall.  For  the 
model,  this  transport  3  of  the  order  of  3  x  10“  gm-cal  sec-1.  In  order 
to  include  she  effects  of  all  oceans  in  the  northern  hemisphere,  this 
figure  should  be  multiplied  by  a  factor  of  3. 

The  result  is  of  the  same  order  of  magnitude  as  the  total  poleward 
energy  transport  required  by  radiation  data  for  the  entire  fluid  enve¬ 
lope.  The  latter  figure  is  about  10“  gm-cal  sec-1  at  30  degrees  north 
latitude  according  to  estimates  discussed  below.  It  appears  extremely 
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important,  therefore,  to  determine  whether  or  not  such  net  meridional 
circulations  do  actually  exist  within  the  oceans.  If  so,  their  effect 
cannot  he  neglected  in  any  complete  study  of  the  energy'  balance  of 
the  globe. 

COMPUTATIONS  FROM  ACTUAL  DATA 

From  the  mod.-l  discussed,  it  is  evident  that  measurements  of  ve¬ 
locity  entering  into  ocean  energy  flux  computations  of  the  present 
type  must  be  extremely  accurate.  Moreover,  direct  ocean  velocity 
measurements  are  not  sufficiently  plentiful  for  this  purpose.  How¬ 
ever,  it  is  possible  that  new  methods  for  measuring  velocities,  such  as 
the  one  developed  by  von  Arx  (1950),  may  ultimately  provide  a  solu¬ 
tion  to  this  problem  after  a  large  enough  volume  of  data  has  been 
obtained. 

It  is  interesting  to  note  that  a  vertical  meridional  cell  within  an 
ocean  differs  essentially  from  a  corresponding  cell  in  the  atmosphere. 
The  latter  must  be  nongeostrophic  in  order  to  effect  a  net  meridional 
mass  transfer  at  a  given  level,  and  thus  it  represents  a  motion  in  which 
the  Coriolis  forces  are  not  balanced  by  pressure  forces.  In  the  ocean, 
on  the  other  hand,  due  to  the  presence  of  continental  barriers,  this  is 
not  necessarily  true.  A  net  meridional  transfer  at  a  given  level  in  an 
ocean  may  be  associated  with  motion  in  which  pressure  forces  balance 
Coriolis  forces. 

With  appropriate  reservations  about  possible  motions  other  than 
those  given  by  dynamic  velocity  measurements,  we  may  use  data 
compiled  by  Riley  (1951)  for  the  North  Atlantic  Ocean.  At  present 
these  data  represent  the  most  comprehensive  estimation  of  ocean 
volume  transport  available  and  results  derived  from  them  are  at  least 
of  some  interest. 

The  distribution  with  depth  of  the  average  meridional  velocities  so 
obtained  across  27  degrees  north  latitude  is  shown  in  Fig.  2.  Since 
Riley  points  out  that  his  estimates  do  not  account  for  Gulf  Stream 
transport  adequately,  additional  data  from  Sverdrup,  et  al.  (1942) 
were  obtained  for  this  region  and  are  incorporated  into  the  averages 
shown  in  Fig.  2’. 

This  velocity  distribution  gives  a  small  net  mass  flow  northward 
across  the  latitude  section  of  the  Atlantic  Ocean.  It  is  possible  that 
a  compensating  outflow  occurs  on  the  opposite  side  of  the  hemisphere. 
Such  an  outflow  would  have  to  take  place  through  the  narrow  and 
shallow  Itering  Strait  into  the  Facilic  Ocean  with  a  velocity  of  about 
100  cm  sec-1.  However,  such  large  ocean  current  velocities  are  im- 

*  The  velocity  at  4,000  m  estimated  from  Riley's  data  agrees  reasonably  well  with 
preliminary  results  of  n  carbon  14  dating  technique  reported  by  Kulp  (1951 ). 
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AVERAGE  VELOCITY  (CM-SEC'1  ) 

near*  2.  Vertical  attribution  of  nver*>se  veloUtlee  tova  37  degree*  north  latitude  In 
the  North  Atlantic  Ocean.  Solid  curve  k  from  d»t*  of  iUiej  (1951).  Daelied  veiodAee  *tr» 
Mro  romirent  net  mu*  treat  port  reran*  title  latitude. 
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probable  in  this  region.  In  the  event  that  such  a  mass  outflow  actu¬ 
ally  does  exist,  negative  heat  transport  across  27  degrees  north  latitude 
in  the  Pacific  Ocean  must  occur.  This  would  bring  about  a  cancella¬ 
tion  of  the  heat  energy  transported  northward  by  the  net  mass  flow 
in  the  Atlantic  Ocean,  when  the  hemisphere  as  a  whole  is  considered. 
Thus,  whether  or  not  this  effect  is  real,  it  is  perhaps  best  to  eliminate 
it.  This  may  be  accomplished  by  one  of  several  procedures. 

The  velocity  profile  may  be  shifted  so  that  no  net  mass  flux  occurs. 
This  may  be  accomplished  by  moving  the  profile  a  small  amount  in 
the  negative  velocity  direction.  As  an  alternate  method,  the  ragged 
upper  portion  of  the  velocity  profile  may  be  appropriately  smoothed, 
i.  e.,  as  shown  in  Fig.  2. 

Each  of  these  procedures  was  used  together  with  an  average  sounding 
of  oceanographic  variables  from  the  Meteor  Atlas  (Wust  and  Defant, 
1936)  to  obtain  estimates  of  internal  energy  transport  by  meridional 
cells  within  the  Atlantic  Ocean.  The  Mfteoh  sounding,  representing 
averages  over  the  entire  Atlantic  section,  is  quite  similar  to  the 
Fuglister  sounding  used  in  the  hypothetical  model  derived  from  a  small 
region  of  the  Atlantic  Ocean.  The  Fuglister  temperature  curve  is 
about  4°  C  warmer  than  the  Meteor  curve  at  500  m  depth,  the  level 
of  the  greatest  difference  between  the  two. 

The  estimate  of  the  magnitude  of  the  internal  energy  transported  is 
about  3  X  1014  gm-eal  sec-1  in  each  of  these  eases.  This  value  is 
almost  the  same  as  that  obtained  from  the  hypothetical  model  dis¬ 
cussed  above. 

COMMENTS 

Baur  and  Phillips  (1335)  gave  radiation  values  which  can  be  used  to 
obtain  net  radiation  excess  or  deficit  values  for  the  earth  averaged  over 
latitude  belts  for  the  northern  hemisphere  (see  Haurwitz  and  Austin, 
1944 : 18).  From  these,  estimates  may  be  made  of  the  energy  required 
for  poleward  transport  in  order  to  maintain  the  observed  temperature 
equilibrium.  The  amount  required  for  transport  by  the  entire  fluid 
envelope  across  30  degrees  north  latitude  is  approximately  101S  gm- 
ca!  sec-1. 

In  this  latitude,  oceans  occupy  approximately  three  times  the  hori¬ 
zontal  extent  assumed  in  our  hypothetical  model  or  occupied  by  the 
Atlantic  Ocean.  Assuming  that  the  results  may  be  considered  typical 
of  all  oceans  in  the  northern  hemisphere,  the  hypothetical  model  ocean 
could  account  for  9  X  10“  gm-cal  sec-1,  while  from  actual  data  the 
oceans  could  account  for  9  —  10  X  1014  gm-cal  sec-1.  Of  course  these 
results  depend  upon  dynamic  velocity  measurements,  and  therefore 
they  must  be  treated  with  caution. 
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However,  if  such  small  vertical  meridional  cells  in  the  ocean  are 
capable  of  transporting  energy  in  the  amounts  estimated  here,  then 
this  possibility  should  not  be  neglected  in  energy  balance  relationships 
of  the  fluid  envelope. 

According  to  Wexler  (1944),  the  atmospheric  layer  from  the  surface 
to  10, (XX)  feet  gains  a  maximum  of  heat  energy  iu  the  region  off  the 
New  England  coast  in  the  vicinity  of  48  degrees  north  latitude  for  the 
month  of  February.  This  is  located  in  a  region  of  net  radiation  deficit 
(see  Baur  and  Phillips’  data),  and  hence  such  heating  must  depend  on 
sources  other  than  radiation.  Wexler  proposes  that  these  sources 
may  be  adiabatic  heating  from  subsidence  in  polar  air  masses  over 
Canada  as  well  as  heat  conducted  upward  from  the  ocean  surface. 
The  present  estimates  indicate  that  the  ocean  could  indeed  act  as  such 
a  heat  source  for  the  atmosphere  within  this  region,  giving  up  the  large 
amounts  of  energy  transported  across  latitudes  farther  south. 
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Note  Concerning  the  Nature  of  the  Large-Scale  Eddies  in  the 

Atmosphere 
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Abstract 

The  rate  of  generation  of  kinetic  energy  of  mean  zonal  motions  by  the  large-scale  horizontal 
eddies  in  the  atmosphere  is  computed  from  three  independent  sets  of  hemispheric  wind  data. 

The  results  are  larger  than  certain  analogous  dissipation  estimates  would  require.  Meteorological 
implications  of  the  material  arc  discussed. 


General  discussion 

The  aim  of  this  brief  article  is  to  discuss 
further,  with  the  aid  of  new  additional  data, 
some  essential  properties  of  the  large-scale 
horizontal  eddies  in  the  atmosphere,  which  are 
involved  in  their  relation  to  the  mean  zonal 
motions  present.  The  particular  physical 
principle  to  be  reviewed  has  been  treated 
previously  mainly  by  my  colleague  Dr.  H.  L. 
Kuo  (1950,  1951  a,  1953)  both  theoretically 
and  observational!'/,  although  it  appears  that 
certain  additional  remarks  and  graphic  illustra¬ 
tions  might  be  of  value,  since  some  residual 
misunderstandings  seem  to  be  prevalent. 

The  mean  zonal  motions  (i.  c.,  averaged 
with  respect  to  longitude)  of  the  atmosphere 
may  be  pictured  as  comprising  a  large  vortex 
about  the  polar  axis  in  which  the  angular 
velocity  is  a  function  of  elevation,  latitude  and 
time.  As  an  example  the  solid  curve  in  (a)  of 
the  figure  gives  the  distribution  with  latitude 
of  this  angular  velocity  relative  to  the  earth, 
averaged  also  with  respect  to  pressure  in  the 
vertical  from  130  to  900  mb  and  with  respect 
to  time  over  the  six-month  period  January  to 
June  1950  inclusive  (N.  H.).  Most  of  what  is 
to  be  said  concerning  this  profile  can  be  made 
to  apply  equally  to  an  instantaneous  profile  at 
some  given  level.  One  may  now  ask  what  the 


effect  of  genuine  lateral  friction  alone  on  such 
a  flow  might  be.  Quite  obviously  the  effect  of 
such  viscosity  would  be  to  retard  the  zones  of 
most  rapid  rotation  and  to  increase  rhe  angular 
velocity  of  the  less  rapidly  rotating  ones,  so 
as  to  cause  the  whole  to  assume  a  more  nearly 
uniform  angular  velocity.  That  is  to  say, 
lateral  friction  would  cause  a  flow  of  angular 
momentum  northward  and  also  southward 
away  from  the  zone  of  most  rapid  rotation. 

One  may  inquire  next  as  to  whether  the 
large-scale  eddies  in  the  atmosphere  act  upon 
the  mean  zonal  motions  in  a  manner  analogous 
to  friction  and  hence  may  be  regarded  as 
merely  giving  rise  to  an  eddy  viscosity.  This 
is  outstandingly  not  die  case,  for  according  to 
any  compilation  of  data  at  all  adequate  for  the 
purpose  (and  there  are  a  number  of  such 
independent  ones  now  available)  there  exists  a 
strong  northward  eddy  transport  of  angular 
momentum  to  the  south  of  the  jet  of  westerlies 
(N.  H.)  and  therefore  a  fortiori  to  the  south  of 
the  zone  of  maximum  angular  velocity,  on 
the  average.  This  is  exactly  contrary  to  a 
frictional  effect  and  would  be  compatible  only 
with  a  negative  virtual  viscosity  coefficient,  if 
it  were  desirable  even  to  use  such  terminology. 
The  mere  existence  of  tlus  state  of  affairs  is  in 
itself  most  remarkable  and  by  no  means  to  be 
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lightly  dismissed,  for  regardless  of  further 
considerations  it  is  a  manifestation  of  a  funda¬ 
mental  process  which  respires  explanation 
ultimately.  The  associated  angular  momentum 
transport  by  eddies  is  given  by  the  dashed  line 
in  (a)  of  Fig.  j. 


Fig.  i.  Relative  angular  velocity  in  I0~’  tec-1  as  function 
of  latitude  given  by  full  curve  in  (a).  Total  angular 
momentum  transport  by  eddies  in  to*1  e.g.s.  units 
given  by  dashed  curve  in  (a).  Production  of  zonal  kinetic 
energy  using  mean  wind  and  total  transport  (full  curve), 
using  300  mb  wind  and  transport  (dashed  curve)  and 
using  200  mb  wind  and  transport  (dotted  curve)  shown 
in  (b)  in  terms  of  arbitrary  units. 


Kinetic  energy  considerations 

It  is  convenient  and  instructive  to  study 
these  effects  of  the  eddies  upon  the  kinetic 
energy  of  the  mean  zonal  motions.  Considering 
the  northern  hemisphere  as  acting  independ- 
Telluj  V  (1953).  4 


ently,  the  net  influence  on  this  total  kinetic 
energy  is  to  increase  it,  if  the  (positive)  action 
to  the  south  predominates  and  to  decrease  it 
if  conditions  are  the  reverse.  The  rate  of 
production  may  be  written  as 


2M*ff(>lu’v']  COS*  0 


30 


d0dz 


(1) 


if  small  approximations  such  as  the  horizontal 
uniformity  of  density  are  allowed  in  the 
definition  of  mean  zonal  kinetic  energy.  The 
notation  is  that  of  Stasa  and  White  {195  r, 
1952),  u,  v,  being  eastward  and  northward 
wind  components,  q  density,  r  earth’s  radius, 
0  latitude,  z  elevation,  the  square  brackets 
denoting  averaging  along  complete  latitude 
circles,  and  the  primes  indicating  deviations 
from  such  averages.  This  expression  may 
either  be  set  up  directly  from  a  consideration 
of  the  work  done  by  net  forces  due  to  the  eddy 
stresses  on  elementary  rings  of  air,  or  it  may 
be  obtained  by  writing  the  proper  form  of 
the  balance  equation  for  zonal  kinetic  energy 
as  done,  for  example,  by  Kuo  (1951  a). 


Data  and  computations 

Among  the  available  data  for  investigating 
expression  (1)  the  following  may  be  listed. 

(1)  The  first  six  months  of  the  year  1950 
akeady  referred  to.  These  data  are  based  upon 
(daily)  actual  wind  observations  similar  to 
those  of  Starr  and  White  in  the  references 
already  given,  for  Latitudes  130,  310,  420,  55°, 
and  70°  N.  The  integrand  of  (1)  evaluated 
from  the  six-month  averages  of  [«]  and  [mV] 
is  given  for  the  300  and  20o~mb  levels  by  the 
dashed  and  dotted  lines  respectively  in  (b)  of 
the  figure.  The  full  line  results  from  using 
the  vertical  pressure  averages  of  wind  ana 
eddy  transport  (i.c.,  corresponding  to  the 
curves  given  in  (a)  already  discussed).  Since 
in  (b)  the  area  under  each  curve  measures  the 
production  of  zonal  kinetic  energy,  it  is  to 
be  noted  that  in  each  case  this  area  is  positive 
by  a  wide  margin. 

(2)  The  second  six  months  of  the  year  1950. 
These  data  are  exactly  analogous  to  those  for 
the  first  six  months  and  were  treated  in  the 
same  way.  The  integrands  (not  shown)  were 
again  positive  without  question,  i.e.,  do  not 
represent  small  differences  between  large 
quantities. 
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(3)  One  month  of  data  (Jan.  1949)  published 
by  Mint/,  {1951}.  These  represent  geostrophic 
evaluations  obtained  by  punched  card  methods. 
As  in  the  case  of  the  curves  (b),  here  also  there 
is  no  ambiguity  as  to  the  sign  of  the  areas 
beneath  the  curves  (not  shown)  in  all  three 
instances. 

Using  the  vertically  averaged  winds  and 
transports  the  data  (1)  give  4.2  x  io20  ergs  per 
second  for  the  production  over  die  hemisphere. 
The  data  (2)  give  4.6  x  10s0  units.  Data  {3) 
give  10.5  x  iosu  units.  These  magnitudes  are  to 
be  compared  with  appropriately  defined  and 
properly  estimated  measures  of  the  dissipation. 
When  the  vertical  averages  are  used  one  deals 
essentially  with  the  kinetic  energy  of  die  mean 
rotation  of  die  atmosphere,  and  the  dissipation 
becomes  merely  the  work  done  against  the 
zonal  component  of  ground  stresses  m  virtue 
of  diis  mean  relative  rotation,  save  for  minor 
other  effects.  Further  discussion  of  diis  subject 
is  given  by  Starr  and  Whitt  (1953).  The 
zonal  ground  stresses  may  be  obtained  in  the 
form  of  empirical  climatological  estimates  as 
given  by  Priestle'.  (1951),  for  example.  The 
stresses  deduced  from  the  angular  momentum 
balance  considerations  for  the  particular  period 
in  question  as  calculated  for  example  by 
Mint/,  (1951)  would  not  give  an  mdependent 
check  for  the  present  purpose.  Use  of  Priestley’s 
stresses  with  the  data  (i)  gives  3.6  x  iow  units 
for  the  hemisphere.  The  data  (2)  give  1.9  x  io20 
units,  while  aata  (3)  give  4.0  x  ioi0  units. 

If  the  angular  velocity  curve  in  (a)  of  the 
figure  is  assumed  to  be  representative  of  the 
entire  depth  of  the  atmosphere,  we  may 
compute  from  it  the  corresponding  kinetic 
energy  of  mean  rotation  for  the  northern 
hemisphere,  which  turns  out  to  be  about 
6.8  x  xo2*  ergs.  Upon  appeal  tq  the  figure 
given  for  the  mean  rate  of  production  from 
data  (1),  it  is  seen  that  this  amount  is  normally 
generated  in  about  19  days.  The  corresponding 
period  for  data  (2)  is  12  days  and  for  data  (3} 
it  is  17  days.  Presumably  if  the  production 
were  suddenly  to  cease  while  the  dissipation 
were  to  maintain  its  normal  rate,  the  motions 
of  the  air  here  involved  would  be  abolished  in 
about  two  weeks. 

Discussion  of  results 

Relegating  certain  further  technical  matters 
and  qualifying  remarks  to  the  next  section. 


we  may  enumerate  certain  important  inferences 
which  may  be  drawn  from  the  general  char¬ 
acter  of  the  results,  if  these  latter  are  correct  in 
main  outline,  as  seems  most  probable.  These 
are: 

t.  The  large  disturbances  in  the  atmosphere 
produce  kinetic  energy  of  mean  zonal  motions, 
and  not  the  reverse  as  has  been  with  few 
exceptions  generally  supposed  in  the  past. 

2.  Since  the  magnitudes  of  this  generation 
arc  of  the  order  of  the  estimated  dissipation, 
and  could  regenerate  the  motions  involved  in 
about  two  weeks,  it  may  be  stated  that  any 
theory  for  the  general  circulation  of  the 
atmosphere  which  omits  this  effect  is  crucially 
deficient,  lacking  an  essential  correspondence 
to  reality,  however  interesting  it  may  other¬ 
wise  be. 

3.  Through  the  years  there  has  been  current 
in  meteorology  an  assortment  of  general 
circulation  theories  which  do  not  presuppose 
tills  action  of  the  eddies.  The  singular  sterility 
and  lack  of  promise  which  have  characterized 
these  can  perhaps  be  ascribed  largely  to  the 
shortcoming  under  discussion. 

4.  It  is  increasingly  clear  that  a  valid  formal 
theory  of  the  general  circulation  showing  how 
the  incoming  radiationai  energy  supply  results 
in  the  observed  motions  (rather  than  others) 
will  probably  be  evolved  only  slowly  because 
of  its  inherent  complexity'. 

The  problem  of  the  mean  zonal  motions  and 
the  large-scale  disturbances  is  one  and  in¬ 
separable,  because  of  the  now  demonstrated 
interdependence  of  these  circulations;  hence 
there  exists  a  natural  and  direct  connection  to 
such  other  modem  developments  as  those  in 
cyclone  theory  and  similar  topics,  which  latter 
will  first  have  to  be  not  only  better  understood 
but  also  fitted  into  the  more  general  picture. 
For  the  time  being  it  may  be  necessary  to 
content  oneself  with  the  theoretical  examina¬ 
tion  of  only  portions  or  phases  of  the  total 
process.  Indeed  much  of  what  now  may 
appear  as  composed  of  separate  and  distinct 
subjects  in  theoretical  meteorology  must 
ultimately  form  a  coordinated  and  harmonious 
whole,  displaying  in  true  light  the  proper  and 
natural  relationships  among  these  parts. 

5.  The  theoretical  efforts  of  my  esteemed 
friend  Dr.  H.  L.  Kuo  may  be  mentioned 
specifically  as  an  example  of  what  has  just 
been  said  (sec  Xuo,  .950,  1951  b,  1953)-  These 
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studies  are  directed  toward  the  elucidation  of 
the  transformation  of  eddy  kinetic  energy  into 
mean  zonal  kinetic  energy  through  the 
application  of  the  vorticity  equation.  This 
procedure  may  be  interpreted  also  as  an  effort 
to  apply  the  general  principles,  if  not  the 
specific  techniques,  used  in  what  is  now  called 
numerical  forecasting  to  the  problem  of  the 
general  circulation.  It  is  to  be  noted  that  in 
tins  connection,  and  also  from  die  general 
results  stated  in  tins  paper,  the  seat  of  the 
kinetic  energy  processes  is  placed  in  the 
cyclonic  and  anticycionic  systems  in  the 
atmosphere,  which  directly  or  indirectly 
account  for  the  continued  replenishment  of  the 
eddy  kinetic  energy. 

6.  It  may  with  profit  be  again  contemplated 
that  the  positive  nature  of  the  production 
process  as  measured  from  data  is  not  contingent 
upon  the  attainment  of  some  petty  accuracy, 
but  is  at  once  fixed  by  very  gross  aspects  of 
the  zonal-wind  and  angular  momentum  trans¬ 
port  profiles.  The  end  result  could,  in  fact, 
hardly  be  otherwise  if  the  maximum  north¬ 
ward  angular  momentum  transport  is  found  in 
the  vicinity  of  the  mean  latitude  of  the  jet 
stream. 

7.  Most  of  the  so-to-speak  simple  theories 
of  the  genera!  circulation  start  from  the  ass  ump- 
tion  that  the  mean  zonal  motions  are  main¬ 
tained  by  mean  meridional  circulations.  From 
time  to  time  dunking  men  have  expressed 
dissatisfaction  with  such  a  framework  to 
various  degrees,  c.  g.,  Jeffreys  (1926),  Rossby 
(1947,  1949),  although  the  direct  measurement 
of  the  mean  meridional  circulations  cannot  be 
earned  out  with  great  enough  confidence  for 
a  direct  refutation  which  would  be  reliable. 
Once,  however,  very  extensive  independent 
compilations  of  data  consistently  point  to  the 
existence  of  a  sufficiently  potent  alternative,  it 
is  quite  unscientific  to  concentrate  merely  on 
the  older  approach.  The  writer’s  opinion  in 
this  regard  does  not  exclude  the  possibility 
that  sufficiently  extensive  observational  studies 
may  show  that  mean  meridional  circulations 
perform  certain  other  important  functions,  or 
even  modify  to  some  extent  the  eddy-produced 
zonal  flows.  In  any  case  it  would  be  highly 
improper  not  to  give  recognition  to  those 
indications  and  suggestions  deriving  most 
clearly  and  unambiguously  from  purely  objec¬ 
tive  data  as  already  expounded. 
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Critique  and  further  computations 

During  the  course  of  the  work  performed  a 
number  of  added  questions  and  matters  of 
thorougSuicss  were  examined  and  treated  m 
much  greater  detail  than  can  be  lully  entered 
into  for  the  purpose  of  this  note.  Some  critical 
statements  and  results  of  corresponding  checks 
in  some  instances  may  nevertheless  be  made 
for  purposes  of  better  orientation. 

1.  The  use  of  vertical  averages  for  the  zonal 
wind  profile  is  a  rather  specialized  device 
which  introduces  valuable  simplifications,  but 
general  interest  still  demands  that  the  results 
be  compared  with  what  would  be  obtained 
from  calculations  at  individual  levels  winch  arc 
then  integrated  vertically  as  a  final  step.  Such 
alternative  figures  were  calculated  giving  for 
data  (i)  3.9  xio20,  for  data  (2)  5.5  x  ioan,  and 
for  data  (3)  9.8  x  io2“  erg  sec”1. 

2.  A  second  check  carried  out  was  to  cal¬ 
culate  the  production  using  a  vertically 
integrated  zonal-wind  profile  but  applying  the 
technique  to  the  instantaneous  daily  conditions, 
the  long  term  mean  being  then  formed  by 
averaging  the  daily  figures  for  the  production. 

By  this  procedure  an  opportunity  is  also 
afforded  to  compute  confidence  limits  defined 
as  twice  the  scandard  error  of  the  mean  of  the 
daily  values,  indicating  loughly  the  95  per 
cent  confidence  range.  The  data  (1)  were 
subjected  to  such  a  treatment,  although  at  the 
time  this  work  was  done  the  observations  for 
70°  N  latitude  had  as  yet  not  been  tabulated 
and  hence  were  not  included.  The  figure 
obtained  was  (4.5  rt  t  .0)  x  io20  erg  see-1. 

3.  A  still  further  elaboration  consists  of  the 
use  of  the  analysis  by  levels,  not  with  the  long 
period  averages,  but  with  instantaneous  daily 
data.  The  long  term  mean  may  then  again  be 
formed  by  averaging  the  daily  production 
figures.  The  data  (1)  with  the  70°  N  latitude 
circle  omitted  were  used  also  for  this  pur¬ 
pose.  The  figure  which  resulted  was  9.8  x  io20 
erg  see  -1. 

4.  In  the  computations  it  was  arbitrarily 
assumed  that  [«]  and  [mV]  arc  zero  at  die 
equator.  What  the  exact  values  of  the  momen¬ 
tum  transport  arc  at  the  equator  is  not  known, 
but  die  use  of  more  proper  negative  values  of 
[h]  would  tend  to  increase  the  anticycionic 
wind  shear  immediately  to  the  north  where 
the  transport  is  positive  and  hence  would 
probably  increase  the  production. 
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5.  Selectivity  in  the  availability  of  wind 
observations  favoring  lower  speeds  probably 
leads  to  an  underestimate  of  the  production. 
It  is  to  be  noted  that  the  integrand  of  expression 
(1)  involves  a  triple  product  of  quantities  in 
the  nature  of  wind  velocity  components, 
hence  underestimates  of  the  latter  could 
produce  a  larger  percentual  underestimate  here 
than  in  such  quantities  as,  for  example,  the 
kinetic  energy  itself. 

6.  It  should  be  most  carefully  observed  that 
if  the  effect  of  the  eddy  processes  on  the  mean 
zonal  kinetic  energy  is  studied  for  a  narrower 
belt  of  latitude,  terms  representing  the  merid¬ 
ional  transport  of  this  energy  across  the 
bounding  latitudes  should  be  considered,  and 
the  mere  adjustment  of  the  limits  of  integration 
in  (1)  does  not  provide  for  this  requirement. 
In  the  case  of  the  whole  hemisphere  it  is 
doubtful,  however,  that  such  a  transport 
across  the  equator  is  anything  more  chan  a 
slight  correction,  which  is  here  neglected  (and 


would  necessarily  vanish  for  the  entire  atmos¬ 
phere). 

7.  The  surface  zonal  stresses  given  by- 
Priestley  are  according  to  most  proper  inter¬ 
pretation  values  for  the  oceans.  Doubtless  the 
extensive  land  masses  present  in  the  northern 
hemisphere  give  rise  to  larger  such  stresses  as 
suggested  by  the  angular  momentum  con¬ 
vergence  study  of  Mintz  (1951),  thus  helping 
to  bridge  the  great  disparity  found  here  be¬ 
tween  the  eddy  production  and  the  dissipation 
of  the  energy  of  mean  rotation. 

8.  The  expression  (1)  is  actually  nothing 
more  than  the  spherical  polar  form  of  the 
corresponding  term  in  the  familiar  theory  of 
Osborn  Reynolds  (1895)  concerning  the 
nature  of  eddy  processes.  A  review  of  this 
material  is  given  also  by  Lamb  (1932)  in  his 
textbook  on  hydrodynamics.  Indications  of  the 
importance  of  the  process  here  measured  by 
expression  (1)  have  been  obtained  also  by 
Blackadar  (1950)  and  by  Van  Mieghem  (1953). 
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Introduction 

Several  recent  investigations,  Kuo  (i<;s  i). 
Van  Meiciiem  (1953),  Starr  (1953)  and 
Arakawa  (1953),  have  been  concerned  with 
examining  the  physical  processes  which  account 
for  the  maintenance  of  the  kinetic  energy  of 
zonal  motion  in  the  atmosphere.  These  studies 
have  pointed  up  the  important  role  played  by 
the  large  scale  horizontal  eddies.  Tne  funda¬ 
mental  point  made  by  all  these  investigators 
cent'Ts  on  the  existence  within  the  free 
atmosphere  of  a  systematic  organization  of  the 
large  scale  eddy  momentum  exchange  pro¬ 
cesses  in  such  a  manner  that  momentum  flows 
from  regions  of  low  to  regions  of  high  mo- 
menttim.  The  reflection  of  this  condition  is 
most  prominent  cciuatorward  of  the  jet  stream 
where  for  example  observational  studies  of 
Starr  and  White  (1952)  show  that  the  flux 
of  momentum  by  the  large  scale  horizontal 
eddy  processes  is  poleward  into  the  jet.  Starr 
(1953)  and  Arakawa  (1953)  have  actually 
evaluated  the  work  done  by  such  large  scale 
eddy  stresses  and  indicate  that  the  rate  of 
generation  of  kinetic  energy  of  zonal  motion 
by  such  processes  seems  to  be  sufficient  to 
maintain  the  westerlies  of  middle  and  high 
latitudes.  It  is  of  interest,  therefore,  to  inquire 
whether  similar  conditions  prevail  in  the 
atmosphere  with  regard  to  the  transfer  of  other 
atmospheric  properties  and  in  particular  with 
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respect  to  the  transfer  of  sensible  heat.  Sufficient 
data  are  now  at  hand  to  show  that  similar 
counter-gradient  sensible  heat  flows  do  occur 
on  a  systematic  basis. 


Data 

In  connection  with  a  more  extensive  study 
of  the  atmospheric  energy  balance,  computa¬ 
tions  of  the  large  scale  horizontal  eddy  flux  of 
sensible  heat  were  undertaken.  Except  for  a 
constant  factor,  the  large  scale  meridional 
horizontal  eddy  flux  of  sensible  beat  is  measured 
by  the  term  |r'  7”],  where  die  brackets  re¬ 
resent  a  mean  with  respect  to  longitude,  the 
ar  a  mean  with  respect  to  time,  the  primes 
represent  deviations  from  the  longitudinal 
means,  v  is  the  northward  component  of  the 
wind  velocity,  and  T  the  absolute  temperature. 
The  evaluation  of  this  term  at  various  latitudes 
3nd  at  the  standard  pressure  levels  in  the 
atmosphere,  was  made  using  observed  wind 
and  radiosonde  observations  available  in  the 
data  compilations  of  the  Northern  Hemisphere 
Historical  Weather  Map  Scries,  prepared  by 
the  U.  S.  Weather  Bureau,  in  cooperation 
with  the  Army,  Navy  and  Air  Force,  for  the 
full  year  1950.  The  procedure  was  similar  in 
many  respects  to  that  used  in  connection  with 
investigations  of  the  angular  momentum 
balance  reported  by  Starr  and  White  (1951), 
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Table  l.  Numerical  analytW  of  sensible  heat  flu*  data  for  the  entire  year  i$jo.  Temperature  iu  degrees 
absolute,  velocitte*  in  m  *rc-i  and  N  is  the  total  number  of  observations.  The  $5  %  confidence 
intervals  defined  as  twice  the  standard  error  of  the  time  means  is  also  given. 


Level 

mb 

70“  N 

55°  N 

42.3“  N 

X. 

c. 

m 

err] 

N 

m 

[rri 

-V 

m 

[rrj 

N 

m 

trf] 

N 

lOO 

225 

+0.4  ±2.9 

288 

220 

•+5-0  ±2-7 

7*>i 

215 

+  4-8  ±3.8 

54fi 

2Q& 

4  3  '2  4  2.0 

!253 

200 

22,3 

+ 1.4  44.0 

919 

220 

+  5.2  ±4.0 

1601 

219 

+  8-3  +4-5 

1684 

218 

+  7-4  ±2-7 

i8.59 

3w 

222 

+  0.0  +3.2 

1302 

225 

+  2.5  ±2.7 

236! 

*3* 

±3  +>±3.3 

2463 

236 

+  3.0  ±1.8 

500 

244 

+  5-2  ±3-1 

2047 

249 

+  8.5  ±2.4 

3295 

236 

+  X.9  ±  1.9 

36z5 

262 

+  1-5  i  f- 1 

5181 

700 

259 

+  9-2  ±2.1 

2266 

264 

+  12.7  ±2.0 

3599 

iji 

+  6.6  ±1.3 

4319 

278 

+  2.3  ±0-9 

5756 

850 

266 

49.6  ±2.0 

2374 

•271 

+  I7.5  :fc  2.0 

3684 

279 

4-  10.S  «  1.5 

4425 

285 

+  5-0  ±1.1 

5218 

1000 

267 

+  7.6  ±2.3 

1716 

2?sl  +  ii.8  ±  2.0 

2207 

284 

+  5-5  ±1-1 

2  4  94 

292 

*  2.8  ±0.7 

45°7 

in  which  strings  of  stations  in  the  vidnity  of 
certain  latitudes  were  selected  from  which 
observations  were  collected.  A  complete  listing 
of  these  stations  together  with  the  frequency 
distribution  of  the  observations  will  he  forth¬ 
coming  in  a  paper  soon  to  be  published  by 
Starr  and  White. 

For  purposes  at  hand  it  is  sufficient  to  present 
the  relevant  data  in  Table  1,  where  the  mean 
temperature,  magnitude  of  the  eddy  transfer 
of  sensible  heat,  and  total  number  of  observa¬ 
tions  entering  the  evaluations,  are  shown. 
From  this  tabic  it  will  be  noticed  that  through¬ 
out  the  troposphere,  at  all  latitudes  up  to  the 
200  mb  level  the  eddy-flux  of  sensible  heat  is 

[>olcwatd  from  regions  of  high  to  regions  of 
ow  temperature  as  might  normally  be  ex¬ 
pected.  At  and  above  this  level  the  reverse  is 
true.  There  is  an  eddy  flux  of  sensible  heat  from 
the  cold  tropical  lower  stratosphere  poleward 
to  the  warm  polar  regions  at  these  levels.  This 
condition  was  also  recognized  by  Priestley 
(1949)  and  Mintz  (1951)  from  data  compila¬ 
tions  which  were  restricted  in  space  or  rime. 
The  95  %  confidence  limits  of  the  time  means 
of  the  eddy-transfer  term  are  also  indicated  and 
in  almost  all  cases  exclude  zero,  indicating  that 
at  least  a  necessary  statistical  condition  is 
satisfied  by  these  data. 


Meteorological  implications 

a.  The  existence  of  conditions  illustrated  by 
these  data,  and  similar  ones  indicated  by 
Starr  (1953)  point  up  the  fact  that  meteorolo¬ 
gists  should  recognize  not  only  the  possible 
existence  of  these  counter-gradient  eddy 
transfer  processes  but  also  the  actual  prevalence 
of  such  conditions  in  certain  regions  of  die 
atmosphere. 

b.  The  flux  of  sensible  heat  from  cold  to 
warm  regions  on  the  scale  of  the  general 
circulation  at  and  above  the  jet-stream- 
tropopause  level  indicates  that  the  eddy 
processes  are  acting  to  build  up  rather  than 
dissipate  the  existing  temperature  gradient. 

c.  Certain  fundamental  questions  concerning 
the  location  of  the  height  of  tile  tropopause, 
and  the  height  of  the  jet  are  inseparable  from 
the  questions  concemuig  the  reversed  merid¬ 
ional  temperature  gradient  in  the  lower  strato¬ 
sphere.  Hence  a  process  such  as  that  indicated 
by  these  data  which  obviously  acts  to  build  up 
this  reversed  gradient  may  be  of  considerable 
importance. 

d.  Since  the  full  significance  of  these  ob¬ 
servational  findings  ;s  not  clear,  the  data  are 
presented  primarily  in  the  hope  that  they  will 
encourage  odier  interested  investigators  to 
consider  the  implications  of  such  conditions. 
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(Manustript  received  February  27,  1954) 


Abstract 

Several  phases  of  research  significant  for  the  general  circulation  arc  reviewed  briefly.  The 
effect  of  rotation  on  convective  regimes  is  discussed.  An  example  is  given  showing  that  mean 
meridional  circulations  are  not  essential  for  the  release  of  potential  etietgy. 


During  die  past  several  years  the  present 
writer  has  been  conducting  observational 
studies  on  an  extensive  scale  with  the  aim  of 
securing  measures  of  various  quantities  chosen 
on  the  oasis  of  their  direct  dynamic  significance 
for  the  primary  mechanism  of  the  general 
circulation.1  An  outcome  of  central  importance 
which  emerges  from  this  work  is  that  the 
required  meridional  transports  of  angular  mo¬ 
mentum  in  the  atmosphere  are  due  primarily 
to  horizontal  eddy  exchange  processes,  together 
with  the  closely  allied  concept  that  the  kinetic 
energy  of  the  mean  zonal  motions  is  main¬ 
tained  against  friction  to  a  large  extent  by  a 
transference  of  kinetic  energy  from  the  large- 
scale  horizontal  eddy  kinetic  energy  to  these 
mean  motions. 

This  action  of  the  eddies  is  so  marked  and 
unambiguous  that  probably  no  amount  of 
additional  data,  if  properly  brought  to  bear 
upon  the  question,  would  controvert  it.® 

1  It  would  now  app  ar  that  the  long  range  p-anning 
originally  involved  in  formulating  this  protracted  pro¬ 
gram  has  already  borne  sufficient  fruits  not  only  to 
justify  it,  but  also  to  suggest  rather  forcefully  the  de¬ 
sirability  of  placing  such  activities  on  a  firmer  footing 
than  has  hitherto  been  possible.  Such  steps  have  been 
advocated  before  by  the  writer  elsewhere  (sec  St  Ail 
1951),  on  the  basis  of  preliminary  results. 

*  See  Appendix. 


Furthermore,  this  link  in  th"  operation  of  the 
general  circulation  as  depicted  by  the  data  is 
so  dissimilar  to  the  picture  given  by  most 
classical  schemes  which  ascribe  the  drive  for 
the  mean  zonal  morions  to  the  Coriolis  force 
on  net  meridional  flow  of  air  at  individual 
levels,  dial  no  really  successful  manipulation 
of  language  or  logic  can  identify  them  as 
being,  after  all,  on c  and  the  same.  Wc  are 
thus  confronted  by  a  state  of  affairs  which, 
although  not  completely  unsuspected  before, 
is  relatively  novel  in  character  and  hence 
intriguing — and  in  many  ways  puzzling.  We 
must,  however,  be  on  the  qui  vive  in  our 
thinking  in  order  to  eliminate  such  difficulties 
as  are  merely  apparent  and  not  real,  and  free 
ourselves  of  incorrect  prepossessions. 

In  order  to  show  that  this  behavior  of  the 
atmosphere  is  not  unique  we  may  call  attention 
to  recent  developments  of  paramount  im¬ 
portance  for  the  resolution  of  the  general 
circulation  problem,  in  the  field  of  experi¬ 
mental  hydrodynamics  due  principally  to  the 
original  wrork  of  D.  Fultz  and  R.  Long  at 
the  University  of  Chicago.  The  particular 
experiments  in  question  involve  the  generation 
of  flow  patterns  in  a  rotating  shallow  cylin¬ 
drical  vessel  of  water  resulting  from  differential 
heatuig,  which  under  specified  circumstances 
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assume  forms  similar  with  respect  to  a  variety 
of  detail  to  those  comprising  the  atmospheric 
general  circulation  (see  Fultz  i 952).  Same  of 
this  work  has  recently  been  repeated  by  A. 
filler  at  the  Massachusetts  Institute  of  Tech¬ 
nology. 

For  the  purposes  of  this  discussion  (and,  it 
should  he  added,  in  this  writer’s  opinion)  the 
outstanding  new  concept  made  available 
through  these  experiments  is  that  the  otlier- 
wise  simple  and  familiar  regime  of  convective 
motions  is  profoundly  altered  as  soon  as  the 
rate  of  rotation  exceeds  a  definite  value 
determined  by  external  parameters  such  as  the 
intensity  of  the  differential  heating.  The  more 
intense  the  heating,  the  higher  becomes  this 
critical  rate  of  rotation.  For  slow  rotation, 
below  the  limiting  rate,  die  convection  pro¬ 
ceeds  in  an  axially  symmetric  manner  with 
zonal  motions  developing  in  much  die  same 
fashion  as  presupposed  in  the  classic  explana¬ 
tions  of  die  general  circulation.  In  this  case 
the  mean  meridional  circulations  are  quite 
apparent.  For  rotations  higher  than  the  critical 
one  similarity  to  the  atmosphere  is  obtained 
as  to  the  following  properties  (among  others) : 
(3)  The  mean  meridional  circulations  axe  no 
longer  obvious  except  perhaps  in  the  form  of 
weak  remnants  as  boundary  layer  phenomena, 
(b)  Horizontal  exciiange  processes  appear  to 
be  dominant  in  the  meridional  transport  of 
momentum  and  no  doubt  other  properties  as 
well  (see  Starr  and  Long  1953}.  Inc  eddies 
involved  are  again  “waves  in  die  westerlies" 
as  in  the  atmosphere,  (r'  The  motions  appear 
to  be  quasi-gcostrophic  except  in  the  boundary 
layers,  (d)  Some  evidence  of  structures  within 
the  fluid  having  the  characteristics  of  occluding 
cyclones  with  attendant  frontal  phenomena  has 
been  noted. 

To  the  statement  of  these  experimental 
findings  one  should  add  here  a  remark  con¬ 
cerning  some  theoretical  analyses  suggested  by 
them.  The  symmetrical  one  is  of  course  the 
more  tractable  of  the  two  regimes  to  study 
thus,  and  here  the  subject  has  received  atten¬ 
tion  notably  from  T.  V.  Davies  (1952).  Soli 
more  recently,  through  the  inclusion  of  the 
effects  of  heat  advcction,  H.  L.  Kuo  (1953, 
1954)  has  been  able  to  state  a  necessary  con¬ 
dition  for  the  existence  of  an  axially  symmetric 
Hadley  type  convection  in  this  so-called  dish- 
pan  experiment.  It  turns  out  that  a  non- 
1  film  VI  (l»S4).  3 


dimensional  number  P  involving  (among  other 
parameters)  the  rate  of  rotation  and  the  axis- 
to-rim  density  contrast,  is  the  governing 
quantity  which  discriminates  between  the  two 
regimes  and  assume,  a  critical  value  P(  at  the 
tum-over  point.  The  actual  experiments  seem 
to  fit  in  with  the  theoretical  value  of  P£  in 
2  very  satisfactory-  manner.  Preliminary  esti¬ 
mates  of  an  analogous  parameter  for  the 
atmosphere  indicate  the  presence  of  unmis¬ 
takable  high  rotation  conditions. 

To  summarize  die  situation,  it  appeals  chat 
the  effect  of  rotation,  if  it  be  rapid  enough,  is 
to  inhibit  large  scale  convection  as  ordinarily 
conceived,  and  to  substitute  for  it  a  process 
which  produces  the  necessary  racial  transfer  of 
heat  and  of  certain  other  properties  through 
the  agency  of  quasi-horizontal  eddy  motions 
of  which  cyclones,  anticyclones  and  their 
attendant  upper  doughs  and  ridges  are  the 
prime  example. 

In  discussing  these  matters  with  other 
meteorologists  the  writer  has  noted  frequent 
skepticism .  These  reactions  seem  to  imply  that 
any  scheme  which  does  not  contain  s  nne  form 
of  the  classic  convective  morions  as  a  starting 
point  is  in  a  general  sense  too  unnatural  to  be 
valid,  although  it  is  usually  not  easy  to  proceed 
further  in  order  to  discover  wherein  precisely 
die  alleged  difficulty  lies.  It  turns  out,  however, 
that  these  attitudes  spring  mainly  from  a  belief, 
whether  articulate  or  not,  that  mean  meridional 
circulations  of  die  toroidal  type  arc  indispen¬ 
sable  for  the  utilization  of  the  potential  energy 
inherent  in  the  equator-to-pole  temperature 
gradient  in  the  atmosphere.  It  is  to  be  sure  first 
necessary  to  define  terms  more  accurately,  but 
speaking  generally  this  claim  is  but  a  delusion, 
which  in  actuality  the  atmosphere  circumvents 
without  any  real  difficulty. 

In  oroer  to  exhibit  the  nature  of  the  fallacy 
involved,  it  suffices  to  treat  a  very  simple  case 
in  the  dishpan.  let  it  be  supposed  that  in  the 
initial  state  there  are  two  fluids  of  differing 
density  separated  by  a  vertical  discontinuity 
concentric  with  the  rim  as  shown  in  cross 
section  in  (a)  of  the  figure  and  by  the  inner 
circle  in  (b)  which  is  a  view  seen  from  the 
top.  It  is  of  course  clear  that  if  one  of  the  fluids, 
say  the  inner  one,  is  denser  the  system  possesses 
a  certain  available  potential  energy,  and  the 
question  now  is  whether  some  or  perhaps  all  of 
it  can  be  released  without  resorting  to  mean 
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(*) 


(  *) 

Fig.  I.  Diagrams  showing  a  possible  rearrangement  of 
l  wo  fluids  in  a  cylindrical  vessel,  prior  to  the  release  of 
potential  energy. 

meridional  circulations,  or  whether  this  is 
precluded  through  some  topological  con¬ 
straint  of  the  continuity  principle  or  other 
kinematic  consideration.  It  is  here  assumed  that 

£  V ‘  C M-o 

during  the  readjustment.  In  these  relations  q  is 

density,  C  is  the  vector  velocity,  v  is  the  inward 
radial  component  of  velocity,  /  is  rime  and  the 
square  brackets  denote  zonal  space  averaging 
completely  around  the  pan  at  a  given  radius 


and  given  depth  so  that  the  third  relation 
constitutes  the  stipulation  of  no  mean  meri¬ 
dional  circulations. 

The  answer  is  rather  obvious.  The  total 
displacements  may  be  divided  into  two  stages 
so  that  in  the  first  the  vertical  velocity  u> 
everywhere  vanishes  and  jy]  ss  therefore 
identically  zero  because  of  the  continuity 
requirement.  The  vertical  discontinuity  may 
therefore  be  deformed  by  purely  two-dimen¬ 
sional  morion  into  the  lobed  form  shown. 
In  the  second  stage  vertical  motions  are  sup¬ 
posed  to  take  place  in  such  a  way  as  to  release 
potential  energy  but  still  so  as  to  make  jvj  zero, 
say  by  having  v  ss  o,  and  allowing  each  lobe 
to  diverge  zonaJty  near  the  bottom  and  con¬ 
verge  zonaily  near  the  top  (i.c.,  by  having  a 
downward  eddy  transport  of  mass). 

With  a  little  thought  it  becomes  evident 
that  the  simplified  model  used  here  may  be 
generalized  to  include  much  more  complicated 
initial  states  involving  continuous  density 
distributions  of  various  types,  and  tliat  the 
separate  stages  of  motion  may  be  suitably  com¬ 
bined.  Also  one  could  without  difficulty 
modify  the  motions  so  as  to  liberate  potential 
energy  even  in  spite  of  a  reverse  mean  merid¬ 
ional  circulation,  if  the  downward  eddy 
transport  of  mass  is  vigorous  enough. 

The  outlines  of  the  analogous  processes  in 
the  actual  atmosphere  are  easily  recognized  on 
synoptic  charts  and  are  very  basic  meteo¬ 
rological  phenomena,  appealing  as  such  even 
to  a  casual  observer.*  They  are  embodied  in 
the  large-scale  outbreaks  of  cold  and  warm  air 
so  typical  of  weather  conditions  over  a  wide 
range  of  latitude.  Viewed  from  the  present 
standpoint  these  facts  suggest  anew  the  im¬ 
portance  of  such  endeavors  as  those  of  Rossby 
(1949)  and  Phillips  {1949)  to  study  the 
mechanism  for  the  release  of  potential  energy 
by  the  sinking  of  cold  air  domes. 

1  Wc  here  make  the  tacit  (but  probably  correct) 
assumption  that  the  release  of  gcopotential  energy  is 
necessary  for  the  maintainance  of  the  general  circulation. 
Since  the  total  gcopotential  energy  of  the  atmosphere 
must  on  hydrostatic  principles  bear  a  fixed  ratio  to  ns 
total  internal  heat  energy,  and  futhermore  since  the  sunt 
ts  maintained  at  a  more  or  less  fixed  value  when  radja- 
cional  and  other  effects  arc  included,  it  becomes  a 
philosophical  problem  of  considerable  complexity  to 
ascertain  whether  the  generation  of  kinetic  energy  takes 
place  more  directly  from  one  of  the  forms  of  energy 
mentioned  rather  than  the  other. 
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As  pointed  uui  by  Sr\mt  (1953)  the  transfer  »f  kinetic 
energy  from  the  eddies  to  the  mean  2onai  motions  is  a 
deep- ceased  process  intense  enough  to  generate  m  a  short 
period  of  time  an  amount  of  such  energy  as  is  normally 
present  -  even  according  to  measurements  which  are 
probably  under  estimates  of  its  true  potency.  The  in¬ 
quiring  reader  may  nevertheless  propose  that  in  spite  of 
the  fact  that  it  is  difficult  to  secure  accurate  measurements 
of  the  mean  meridional  circulations  m  the  atmosphere 
due  to  their  srnallnexa,  as  an  experiment  a  direct  calcula¬ 
tion  should  he  made  of  their  efficacy  m  generating  mean 
tonal  kinetic  energy  through  the  action  of  the  Coriolis 
force,  using  the  best  data  at  hand.  Formally  tins  can  be 
done  with  the  aid  of  the  compilations  of  actual  wind 
uatsatlttKi  fen  the  calender  year  of  5950  given  by  Stark 
and  White  (1954)  and  used  in  the  reference  given  above. 
However,  as  has  been  stated  frequently  by  these  authors, 
much  U  left  to  be  desired  in  such  use  of  the  data,  arrd  the 
calculations  made  here  can  indeed  be  viewed  as  an 
experiment  only. 

The  hemispheric  wind  statistics  were  compiled  from 
daily  daw  for  13°.  310,  42°,  5s0  and  70°  N  latitude  for 
levels  from  1000  to  too  mb.  The  first  consideration  is 
that  due  most  probably  to  a  bias  *i»  the  selection  of  the 
station  network  so  as  to  favor  unduly  conditions  either 
to  the  front  of  troughs  on  the  one  hand,  or  of  ridges  on 
the  other,  small  net  mean  velocities  were  obtained  across 
the  several  latitude  walls.  These,  in  order,  were  -2a, 
-03,  -17,  4-37  and  4  64  cm  scc~x  (velocities  taken 
positive  northward).  Only  the  last  two  arc  really  serious 
in  regard  10  magnitude  and  would  imply  a  mean  rising 
motion  in  the  polar  regions  at  practically  all  levels  in  the 
troposphere  and  into  the  stratosphere,  if  taken  literally. 
In  view  of  this  situation,  these  mean  values  of  the  merid¬ 
ional  velocities  were  subtracted  out  from  the  data  at 
all  latitudes  in  an  effort  to  minimize  spurious  effects.  All 
mean  meridional  circulations  were  taken  to  be  zero  at 
the  equator. 

The  effect  of  the  Coriolis  forces  associated  with  the 
mean  meridional  circulations  in  producing  kinetic  energy 
of  mean  zonal  motions  is  an  amount  g/(wj  [v]  per  unit 
volume  (see,  e.g.,  Kuo  1951)-  Here  p  is  density,/  the 
Coriolis  parameter,  u  the  eastward  and  v  the  northward 
component  of  wind  velocity;  brackets  signify  20nal 
averages  and  bars  time  averages.  The  (volume)  integrals 
of  this  quantity  by  latitude  belts  and  also  for  the  whole 
northern  hemisphere  (up  to  100  mb)  arc  given  in  the 
table  below  in  units  of  io**  ergs  per  second. 

No  measures  of  statistical  significance  were  calculated 
for  these  figures,  although  this  could  have  been  done, 
let  u>  say  by  computing  the  daily  results  and  then  finding 
the  standard  error  of  the  mean.  Jt  was  not  deemed 
worth  the  while  to  do  this. 

Although  it  is  true  that  not  much  reliance  can  be 
placed  upon  the  particular  outcome  here  obtained,  it 
should  be  carefully  observed  that  there  exists  no  valid 
reason  which  would  necessarily  exclude  the  possibility  of 
such  a  small  negative  value  of  the  integral  for  the  hemi¬ 


sphere.  The  contribution  of  the  energy  transfer  hunt  the 
eddies  is  sufficiently  large  to  allow'  for  this  (see  Siam 
1953  and  Aaakawa  i9Si).  Abo  one  may  note  that  it  as 
the  (indirect)  ceil  in  middle  latitudes  which  is  most 
effective  fur  the  present  problem,  because  an  equally 
intense  one  at  low  latitudes  is  rendered  much  less  potent 
due  to  the  smallness  oi  she  Coriolis  parameter,  while 
nearer  to  the  pole  the  length  of  latitude  circles  and  hence 
the  amount  of  air  involved  becomes  small.  A  net  de¬ 
struction  of  kinetic  energy  of  mean  zonal  motions  by 
mean  meridional  circulation*  would  imply  as  suggested 
by  Chahmey  (1951).  that  these  latter  arc  merely  secondary 
effects,  or  perhaps  associated  with  surface  friction  as 
discussed  by  Fioari  (1953),  for  example. 

It  is  doubtful  whether  the  technique  of  subtracting  out 
the  ever  ail  mean  velocities  across  latitude  walls  really 
eliminates  all  the  unwholesome  consequences  of  any 
appreciable  bias  ir.  the  sense  ol  sampling  oi  conditions 
to  the  cast  of  troughs  unduly,  as  probably  was  the  ease 
at  55*  and  70"  N.  In  the  forward  portions  of  troughs  at 
high  latitudes  there  usually  is  found  an  increase  with 
elevation  in  the  troposphere  of  the  northward  com¬ 
ponent  of  the  wind.  Mere  subtraction  of  the  over  all 
mean  velocity  still  leaves  an  abnormally  large  sampling 
of  this  vertical  shear  in  the  data,  which  then  manifests 
itself  as  a  spuriously  strong  direct  mean  meridional  cell 
at  a  northerly  location.  The  positive  contributions  shown 
in  the  table  north  of  55°  N  may  owe  their  origin  m 
part  to  such  an  artificially  introduced  circumstance. 

In  the  computations  made  above,  only  the  effect  of 
the  Coriolis  term  in  generating  kinetic  energy  of  mean 
motions  was  evaluated.  This  term,  however,  occurs  in 
combination  with  others  which  likewise  represent  means 
through  which  the  mean  meridional  circulations  can 
contribute  to  the  generation  of  this  kinetic  energy.  For 
d 

example  the  terra  [q  «-•]  |m)  ^  [«]  also  enters  the  problem 

(see  Kuo  1951)  Here  w  is  the  vertical  component  of 
velocity  and  2  is  height.  This  quantity  could  be  evaluated 
from  the  data  already  used,  although  the  work  was  not 
actually  done.  Since  in  the  troposphere  the  term  normally 
takes  the  algebraic  sign  of  the  vertical  motion,  and  since 
this  motion  is  apt  to  be  downward  in  the  latitudes  of 
the  strongest  vertical  shear  in  the  westerlies,  it  is  quite 
possible  that  the  total  effect  is  negative. 

Many  findings  will  no  doubt  be  repotted  in  the  course 
of  time  relative  to  direct  evidences  of  mean  meridional 
circulations.  What  has  been  said  here  makes  it  evident 
that  such  claims  must  not  only  be  scrutinized  carefully 
as  to  their  reliability,  but  also  it  is  essential  that  their 
importance  for  maintaining  the  mean  zonal  motions  be 
properly  assessed  from  a  sufficiently  realistic  viewpoint. 
For  we  have  reached  such  a  stage  in  the  development 
of  our  subject,  that  the  halcyon,  free-wheeling  days  when 
investigators  could  propound  mean  meridional  cells  in 
a  rough  and  ready  manner  to  explain  each  feature  of 
the  mean  zonal  wind  distribution,  are  irretrievably 
behind  us. 


Table  1.  Volume  integral  up  to  the  100  mb  level  of  quantity  a  •/[*]  |e]  in  io*°  erg  see'1. 


Lat.  Belt  j 

0- IJ°  | 

13-31°  | 

31 - | 

. 

sr. 

1 

r» 

55-70° 

|  70—90°  j 

Hemisphere 

Integral  | 

+  o.ot  | 

—  0.3  s  | 

-3.53  | 

—  2.65  | 

+■  2.69  1 

+  1  "6  | 

—  2.09 
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Abstract 

The  available  poremial  energy  of  the  atmosphere  may  be  defined  as  the  difference  between 
the  total  potential  energy  and  the  minimum  total  potential  energy  which  could  result  from 
any  adiabatic  redistribution  of  mass.  It  vanishes  if  the  density  stratification  is  horizontal  and 
statically  stable  everywhere,  and  is  positive  otherwise.  It  is  measured  approximately  by  a 
weighted  vertical  average  of  the  horizontal  variance  of  temperature.  In  magnitude  it  is  generally 
about  ten  times  the  total  kinetic  energy,  but  less  than  one  per  cent  of  the  total  potential  energy. 

Under  adiabatic  flow  rhr  sum  of  the  available  potential  energy  and  the  kinetic  energy  is 
conserved,  but  large  increases  in  available  potential  energy  are  usually  accompanied  by  increases 
in  kinetic  energy,  and  therefore  involve  nouadiabatie  effects. 

Available  potential  energy  may  be  partitioned  into  zonal  and  eddy  energy  by  an  analysis 
of  variance  of  the  temperature  field.  The  zonal  form  may  be  converted  into  the  eddy  form  by 
an  eddy-transport  of  sensible  heat  toward  colder  latitudes,  while  each  form  may  be  converted 
into  the  corresponding  form  of  kinetic  energy.  The  general  circulation  is  characterized  by  a 
conversion  of  zonal  available  potential  energy,  which  is  generated  by  low-latitude  heating  and 
high-latitude  cooling,  to  eddy  available  potential  energy,  to  eddy  kinetic  energy,  to  zonal 
kinetic  energy. 


I.  The  concept  of  available  potential  energy 

The  strengths  of  the  cyclones,  anticyclones, 
and  other  systems  which  form  the  weather 
attem  are  often  measured  in  terms  of  the 
inetic  energy  which  they  possess.  Intensifying 
and  weakening  systems  are  then  regarded 
as  those  which  are  gaining  or  losing  kinetic 
energy.  When  such  gains  or  losses  occur, 
the  source  or  sink  of  kinetic  energy  is  a  matter 
of  importance. 

Under  adiabatic  motion,  the  total  energy 
of  die  whole  atmosphere  would  remain 
constant.  The  only  sources  or  sinks  for  the 


1  The  research  resulting  in  this  work  has  been  sponsored 
by  the  Geophysics  Research  Directorate  of  the  Air 
Force  Cambridge  Research  Center,  under  Contract  No. 
AF  19  (604)— 1000. 
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kinetic  energy  of  the  whole  atmosphere 
would  then  ne  potential  energy  and  internal 
energy. 

In  general  the  motion  of  the  atmosphere 
is  not  adiabatic.  The  only  nonadiabatic  process 
which  directly  alters  kinetic  energy  is  friction, 
which  ordinarily  generates  internal  energy 
while  it  destroys  kinetic  energy,  but  which 
may  also,  under  suitable  circumstances,  change 
atmospheric  kinetic  energy  into  the  kinetic 
and  potential  energy  of  ocean  currents  and 
ocean  waves.  The  remaining  nonadiabatic 
processes,  including  the  release  of  latent 
energy,  alter  only  the  internal  energy  dirccdy. 
Hence  the  only  sources  for  the  kinetic  energy 
of  the  whole  atmosphere  arc  atmospheric 
potential  energy  and  internal  energy,  while 
the  environment  may  also  act  as  a  sink. 


-271- 


EDWARD  N.  LORENZ 


It  is  easily  shown  (cf.  Haukwitz  1941) 
that  the  potential  and  internal  energies  within  a 
column  extending  to  the  top  of  the  atmosphere 
bear  a  constant  ratio  to  each  other,  to  the 
extent  that  hydrostatic  equilibrium  prevails. 
Hence,  net  gams  of  kinetic  energy  occur  in 
general  at  the  expense  of  both  potential  and 
internal  energy,  in  this  same  ratio,  it  is  there¬ 
fore  convenient  to  treat  notenrial  and  internal 
energy  as  if  they  were  a  single  form  of  energy. 
The  sum  of  the  potential  and  internal  energy 
has  been  called  total  potential  energy  by  Margules 
(1905). 

Evidently  die  total  potential  energy  is  not  a 
good  measure  of  the  amount  of  energy 
available  for  conversion  into  kinetic  energy 
under  adiabatic  flow.  Some  simple  cases  will 
serve  to  illustrate  this  point.  Consider  first 
an  atmosphere  whose  density  stratification  is 
everywhere  horizontal.  In  this  case,  although 
tocal  potential  energy  is  plentiful,  none  at 
all  is  available  for  conversion  into  kinetic 
energy.  Next  suppose  that  a  horizontally 
stratified  atmosphere  becomes  heated  in  a 
restricted  region.  This  heating  adds  total 
potential  energy  to  the  system,  and  also 
disturbs  the  stratification,  thus  creating  hori¬ 
zontal  pressure  forces  which  may  convert 
total  potential  energy  into  kinetic  energy. 
But  next  suppose  that  a  horizontally  stratified 
atmosphere  becomes  cooled  rather  than  heated. 
The  cooling  removes  total  potential  energy 
from  the  system,  but  it  still  disturbs  me 
stratification,  thus  creating  horizontal  pressure 
forces  which  may  convert  total  potential 
energy  into  kinetic  energy.  Evidently  removal 
of  energy  is  sometimes  as  effective  as  addition 
of  energy  in  making  more  energy  available. 

Wc  therefore  desire  a  quantity  which 
measures  the  energy  available  for  conversion 
into  kinetic  energy  under  adiabatic  flow. 
A  quantity  of  this  sort  was  discussed  by 
Margules  (1903)  in  his  famous  paper  con¬ 
cerning  the  energy  of  storms.  Margules 
considered  2  closed  system  possessing  a  certain 
distribution  of  mass.  Under  adiabatic  flow, 
the  mass  may  become  redistributed,  with  an 
accompanying  change  in  total  potential  energy, 
and  an  equal  and  opposite  change  in  kineac 
energy.  It  the  stratification  becomes  horizontal 
and  statically  stable,  the  total  potential  energy 
reaches  its  minimum  possible  value,  and  the 
gam  of  kinetic  energy  thus  reaches  its  maxi¬ 


mum.  This  maximum  gain  of  kinetic  energy 
equals  the  maximum  amount  of  total  potential 
energy  available  for  conversion  into  kinetic 
energy  under  any  adiabatic  redistribution  of 
mass,  and  as  such  may  be  called  the  available 
potential  energy.* 

Available  potential  energy  in  thus  sense  can 
be  defined  only  for  a  fixed  mass  of  atmosphere 
which  becomes  redistributed  within  a  fixed 
region.  The  storms  with  which  Margules  was 
primarily  concerned  do  noc  consist  of  fixed 
masses  within  fixed  regions,  nor  do  any  other 
systems  having  the  approximate  size  of 
storms.  It  is  perhaps  for  this  reason  that  availa¬ 
ble  potential  energy  has  not  become  a  more 
familiar  quantity. 

Jr  is  in  considering  the  general  circulation 
that  we  deal  with  a  fixed  mass  within  a  fixed 
region — the  whole  atmosphere.  It  is  thus  pos¬ 
sible  to  define  the  available  potential  energy 
of  tin*  whole  atmosphere  as  die  difference 
between  die  total  potential  energy  of  the  whole 
atmosphere  and  the  total  potential  energy 
which  would  exist  if  the  mass  were  redistrib¬ 
uted  under  conservation  of  potential  tem¬ 
perature  to  yield  a  horizontal  stable  stratifica¬ 
tion. 

The  available  potential  energy  so  defined 
possesses  these  important  properties: 

(1)  The  sum  of  the  available  potential 
energy  and  die  kinetic  energy  is  conserved 
under  adiabatic  flow. 

(2)  The  available  potential  energy  is  com¬ 
pletely  determined  by  the  distribution  of  mass. 

(3)  The  available  potential  energy  is  zero 
if  the  stratification  is  horizontal  and  statically 
stable. 

It  seems  fairly  obvious  that  the  available 
potential  energy  so  defined  is  the  only  quan¬ 
tity  possessing  these  properties,  although  a 
rigorous  proof  would  be  somewhat  involved. 
Moreover,  it  possesses  the  further  property: 

(4)  The  available  potential  energy  is  posi¬ 
tive  if  the  stratification  is  not  both  horizontal 
and  statically  stable. 

It  follows  from  property  (1)  that  available 
potential  energy  is  the  only  source  for  kinetic 


1  This  quantity  is  called  available  kinetic  energy  by 
Margules,  since  it  represents  an  amount  of  kinetic  energy 
attainable.  From  (he  point  of  view  of  this  discussion 
the  term  available  potential  energy  is  preferable,  since  it 
represents  a  part  of  the  existing  total  potential  energy. 
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energy.  On  the  other  hand,  it  is  not  the  only 
sink.  When  friction,  destroys  kinetic  energy 
it  creates  internal  energy,  but  in  doing  so  it 
increases  the  minimum  total  potential  energy 
as  well  as  the  existing  total  potential  energy . 
Thus  the  loss  of  kinetic  energy  exceeds  the 
gain  of  available  potential  energy. 

There  is  no  assurance  in  any  individual 
case  that  all  the  available  potential  energy 
will  be  converted  into  kinetic  energy.  For 
example,  it  the  flow  is  purely  zonal,  and 
the  mass  and  momentum  distributions  arc  in 
dynamically  stable  equilibrium,  no  kinetic 
energy  at  all  can  be  realized.  It  might  seem 
desirable  to  redefine  available  potential  energy, 
so  that,  in  particular,  it  will  be  zero  in  the 
above  example.  But  the  available  potential 
energy  so  defined  would  depend  upon  both 
the  mass  and  momentum  distributions.  If  it 
is  desired  to  define  available  potential  energy 
as  a  quantity  determined  by  the  mass  distri¬ 
bution,  the  definition  already  introduced  must 
be  retained. 

2.  Analytic  expressions  and  approximations 

9  :  potential  temperature 

p  :  pressure 

T  :  temperature 

z  ;  elevation 

v  :  horizontal  velocity  vector 

g  :  acceleration  of  gravity 

cv,  cp  :  specific  heats  of  air  at  constant 
volume  and  constant  pressure 
R  :  gas  constant  for  air,  equal  to 

X  :  ratio  of  specific  heats,  c„/c„,  ap¬ 

proximately  7/6 

x  :  ratio  R/cp>  equal  to  X-i/X,  ap¬ 

proximately  *]7 

Under  adiabatic  flow,  the  statistical  distri¬ 
bution  of  9  is  conserved.  More  precisely,  if 
g(9l)J9  is  the  probability  that  a  unit  mass 
of  atmosphere  selected  at  random  has  a  value 
of  9  between  <9,  and  9X  +  d9 ,  the  probability 
function  g(9)  is  conserved.  If 

?(®i)  =  hf  £(&)<&  (0 

s, 

where  pQ  is  the  average  value  of  the  pressure  p0 
at  the  earth’s  surface,  regarded  as  horizontal, 
p{9)  is  also  conserved  under  adiabatic  flow. 
Ttllu*  VH  (1955),  2 


If  the  particles  for  which  9  ---  (9,  form  a 
continuous  surface  which  intersects  every 
vertical  column  exactly  once,  p(<9,)  is  the 
average  pressure  on  the  lsentropic  surface 
9  =  with  respect  to  the  area  of  die  hori¬ 
zontal  projection  of  this  surface.  Equation  (i) 
also  defines  the  average  pressure  over  iscn- 
tropic  surfaces  which  intersect  the  ground,  or 
•which  lie  entirely  “underground”,  if  along 
each  vertical  we  define  p(9)  —  pa  if  9  <  &a, 
where  is  the  value  of  &  at  the  earth’s  surface. 

To  express  the  minimum  total  potential 
energy  in  terms  of  the  invariant  p  (9)  it  is 
sufficient  to  express  the  total  potential  energy 
in  terms  of  p(&).  The  potential  and  internal 
energies  per  unit  mass  are  gz  and  cvT,  re¬ 
spectively.  Since,  as  mentioned  previously,  the 
potential  and  internal  energies  P  and  I  of  a 
vertical  column  above  a  unit  area  bear  the 
ratio  Pi  I  ••=  (cp~G/)/c„,  and  since  an  element  of 
mass  per  unit  area  is  g~*  dp, 

p* 

P  +  I  -  tpg^f  Tdp  (2) 

O 

Upon  substituting  T  -  9p*p~Z>  where 
=  1,000  mb,  ana  integrating  by  parts,  we 
find  that 

OO 

J»+  1-  (I  +  x)-»cp.<rlp;0*  f  P1+Kd9  (3) 

O 

The  minimum  total  potential  energy  which 
can  result  from  adiabatic  rearrangement  occurs 
when  p  —  p  everywhere,  and  is  obtained  by 
setting  p  —  p  in  (3).  Thus  the  average  available 
potential  energy  per  unit  area  of  the  earth’s 
surface  is 

OO 

rf  =  (1  f{pl+ M-pl+K)d9  (*) 

,  O 

where  the  bar  over  p1  +t!  again  denotes  an 
average  over  an  isentropic  surface. 

Since  p  is  always  positive  and  1  +  x  >  r, 
it  is  readily  shown  that  pl+*  -pl+*  >  0 
unless  p  s  p.  The  precise  magnitude  of  A, 
particularly  as  compared  to  the  average  total 
potential  energy  per  unit  area,  P  ■+  7,  is  less 
obvious.  Expansion  in  a  power  series  will  aid 
the  comparison.  Thus,  if  p  ~p  4-  p\  it 
follows  from  the  binomial  theorem,  applied 
to  p1**,  that 
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2  -  (i  +  *)**  p;."/?1 +"  * 

o 

■BrW- 

-^^(f)5^ -■■]■»  (S) 

The  ratio  of  /I  to  <P+ 1  is  a  suitable  mean  value 
of  the  quantity  enclosed  in  square  brackets. 

The  power  scries  (5)  must  converge  if 
p'  <p  everywere,  but  the  rapidity  with  which 
it  converges  depends  upon  typical  values  of 
p'fp.  The  distribution  of  p‘  is  in  general  far 
from  normal,  since  tropospheric  isentropic 
surfaces  tend  to  be  nearly  horizontal  in  the 
tropics,  so  that  p  is  close  to  its  maximum 
value  over  about  half  the  area  of  the  earth. 
Suppose  that  on  a  particular  isentropic  surface 
p  =  1,000  mb  over  half  the  area,  and  p 
decreases  linearly  from  1,000  mb  to  300  mb 
over  the  remaining  half.  In  this  case  p  — 
a*  825  mb,  p‘*lp*  «=  0.075,  and  p'*/P*  =  — 
0.019.  The  ratio  of  the  second  to  the  first 
term  in  the  power  series  is  therefore — 0.06, 
so  that  even  in  this  rather  extreme  case,  the 
power  series  is  well  represented  by  its  leading 
term. 

Therefore,  approximately 

OO  - 

f}1  +*(|)  &  («) 

o 

and  A  depends  upon  the  variatue  of  pressure 
over  the  isentropic  surfaces. 

This  variance  is  closely  related  to  the  variance 
of  potential  temperature  on  an  isobaric 
surface,  which  in  turn  resembles  the  variance  of 
temperature  on  an  isobaric  or  horizontal 
surface.  If  0  and  T  are  the  average  values  of 
0  and  T  on  a  isobaric  surface,  and  &  and  T' 
are  the  departures  of  0  and  T  from  0  and  T, 
the  function  Q  (p)  is  not  completely  deter¬ 
mined  by  the  function  p(0),  but  approxi¬ 
mately  p  =~p{0  (p)),  so  that 

p  -  p(0-Q”)  -p(0)  ~  -0’dp  jdO  (7) 


Thus 

a  » *  xc,g-'p-*“ yW"'*1  ( -^) i- 


From  the  hydrostatic  equation,  it  follows 
that 

d&jc>p  -  x  <9 p-'1  (Pj -r)/v 1  {9) 

where  F  ~  -dTjdz  is  the  lapse  rate  of  tern- 

Errature  and  1  is  the  dry-adiabatic 

pse  rate.  Since  0  jO  =>  T'jT, 

OO  ir 

A*\fnrd~f)'(Vfdp  (ro) 
o 

Expression  (10)  is  suitable  for  estimating 
the  ratio  A/(P+I).  This  ratio  evidendy  equals 

suitable  average  value  of 1  /*(/*- rr)~lT'*T~* . 

2r 

The  maximum  values  of  (F *  -  /’)  ~ 1  and  prob¬ 
ably  also  of  T'3  occur  in  the  troposphere. 

If  F  ~  ^  Fi  and  T'2  =  (15°) 2  arc  taken  as 
typical  values, 

A/(P+  I)  -  1/200 

Hence  less  than  one  pet  cent  of  the  total 
potential  energy  is  generally  available  for 
conversion  into  kinetic  energy. 

3.  Available  potential  energy  and  kinetic 
energy 

It  is  a  familiar  observation  that  the  total 
potential  energy  of  the  atmosphere  gready 
exceeds  the  kinetic  energy.  In  considering  the 
possible  release  of  kinetic  energy,  however, 
we  should  compare  the  kinetic  energy  with 
the  available  potential  energy. 

The  average  kinetic  energy  per  unit  area 
of  the  earth’s  surface  is  approximately 

S 

K-Ig-'JWP  (”) 

o 

In  this  expression  we  have  neglected  hori¬ 
zontal  variations  of  pt.  From  (2)  it  follows 
that 
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p* 

p  + 1  “  j—r1/ £*4p  (l3) 

o 

where  r*  UiT  is  the  square  of  the  speed 
of  sound.  If  we  assume  that  a  typical  average 
wind  speed  is  1/S8  of  the  speed  of  sound, 
which  lies  between  300  m  sec-1  and  330  m 
sec'1,  we  find  that 

Ki(p+  7)  ~  1/2000 

If  we  also  assume  that  our  result 

Aj{P  t  /)*■*■'  1/200 

is  typical,  we  find  that 

fC/^4  ~  1/10 

Evidently,  if  kinetic  energy  is  not  released, 
it  is  not  because  a  supply  of  available  potential 
energy  is  lacking. 

Let  us  see  next  how  K  and  A  vary.  From 
the  equation  of  continuity 

V  •  V  +  dtajdp  =  O 

where  to  -  p  <=  dp/dt  is  the  individual  pressure 
change,  determined  in  the  free  atmosphere 
primarily  by  the  vertical  speed,  and  the 
thermodynamic  equation 

d&IBt  +  v •  a  »  +  wDSldp  ~  c?GT-lQ  (r4) 

where  Q  is  the  rate  of  addition  of  heat,  per 
unit  mass,  wc  find  that 

*  -  -  S^dGidp-^dWhaldp  + 

+  qp'e?-'erQr  (i5) 

The  second  term  on  the  right  of  (15)  involves 
the  space  average  of  the  product  of  three 
quantities,  each  of  which  is  itself  a  departure 
from  a  space  average.  Such  “triple  correlations” 
are  often  negligible.  In  this  case  the  term 
arises  because  another  triple  correlation,  namely 
the  term  involving  p'*  in  (5),  has  been  omitted 
in  deriving  expressions  (6),  (8), and  (10)  for 
A  from  (5).  If  we  neglect  the  term  involving 
we  find,  since  G'j0  —  T'jT,  that 

DA/Pt  «=  -  C  +  G  (16) 

Tellvu  VII  (1955),  2 


where 

Ttadp**  - 

o  o 

and 

h 

c  =  g~if  rd(rd-T)~'T-'TQ'JP  (ts) 

o 

The  latter  integral  in  (17)  is  obtained  from 
the  former  through  the  hydrostatic  equation 
and  the  equation  of  continuity. 

Likewise,  frpm  the  equation  of  continuity 
and  the  equations  of  horizontal  motion 

dv/dr  +  (v  ■  v)v  +<o9vJDp  «* 


**zQ-\-gVz  +  F  (19) 

where  Q  is  the  vector  angular  velocity  of 
the  earth,  and  F  is  the  horizontal  force  of 
friction,  per  unit  mass,  we  find  that 

PKjPt  -  C~D  (20) 

where 

ST 

D  "  ~g  lf  (2I) 

O 

Under  adiabatic  frictionless  flow  the  gene¬ 
ration  C  and  the  dissipation  D  vanish,  so  that 
the  sum  of  A  and  K  is  conserved. 

We  have  seen  that  the  available  potential 
energy  depends  upon  the  departure  of  die 
density  stratification  from  horizontaL  If  the 
wind  were  exactly  gcostrophic  everywhere, 
the  kinetic  energy  of  the  whole  atmosphere 
would  be  zero  if  and  only  if  the  available 
potential  energy  were  zero.  Since  the  actual 
wind  tends  to  be  nearly  gcostrophic  throughout 
much  of  the  atmosphere,  it  still  follows  that 
the  kinetic  energy  is  generally  small  or  large 
according  to  whether  the  available  potential 
energy  is  small  or  large.  Large  increases  in 
available  potential  energy  and  kinetic  energy 
should  in  general  accompany  each  other. 

We  have  seen,  however,  that  under  adia¬ 
batic  flow  increases  in  available  potential 
energy  and  decreases  in  kinetic  energy  must 
accompany  each  other.  It  follows  that  when 
both  forms  of  energy  increase  together,  non_ 
adiabatic  effects  are  involved.  Likewise,  since 
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K  is  usually  about  one  tenth  of  A,  any  in¬ 
crease  in  A  by  more  than  about  ten  percent 
must  involve  nonadiabatic  processes.  Such 
processes  are  certainly  responsible  for  the 
large  increase  in  A  from  summer  to  winter, 
which  is  accompanied  by  a  proportionately 
large  increase  in  K.  This  situation,  which 
involves  a  decrease  in  P  +  I,  has  been  discussed 
by  Spar  (1949). 

We  may  ask  at  this  point  whether  any 
appreciable  changes  in  the  ratio  K/A  are 
possible  under  adiabatic  how,  if  the  winds 
remain  nearly  geostrophic.  That  such  changes 
are  possible  may  be  seen  from  the  approxi¬ 
mate  expressions 

5T 

A  -  ~  K-ijR-i  fhirt-F)-'  T-»  • 


■pi(^z‘Jdp)*dp  (22) 

(23) 

o 

obtained  from  (xo)  and  (xi)  by  substituting 
the  hydrostatic  and  geostrophic  relations, 
/being  the  Coriolis  parameter.  Both  A  and  K 
depend  upon  the  distribution  of  z  throughout 
the  atmosphere,  but,  for  a  given  variance  of  z\ 
K  is  larger  the  more  the  fluctuations  of  z 
in  the  horizontal,  while  A  is  larger  the  more 
the  fluctuations  of  z'  in  the  vertical.  If  the 
vertical  variance  spectrum  of  z'  is  relatively 
constant,  the  ratio  KjA  will  be  larger  when 
shorter  wave  lengths  predominate  in  the 
horizontal  variancc_  spectrum  of  z.  It  is 
thus  possible  for  K  and  A  to  vary  under 
adiabatic  quasi-geostrophic  flow.  A  familiar 
hypothetical  example  is  the  increase  of  kinetic 
energy  which  accompanies  the  exponential 
growth  of  short-wave  pertubations  super¬ 
posed  upon  an  unstable  zonal  current. 

4.  Zonal  and  eddy  energy 

An  approach  to  the  general  circulation 
which  has  currendy  found  much  favor 
consists  of  resolving  the  field  of  motion  into 
the  mean  zonal  motion  and  the  eddies  super¬ 
posed  upon  it.  This  resolution  partitions  the 
kinetic  energy  of  the  whole  atmosphere  into 
two  types,  which  may  be  called  zonal  kinetic 


energy  and  eddy  kinetic  energy ,  and  which  re¬ 
present  die  kinetic  energies  of  the  two  types 
of  motion.  The  maintcnence  of  each  type  of 
kinetic  energy  is  then  considered.  In  addition 
to  other  forms  of  energy,  each  type  of  kinetic 
energy  is,  a  possible  source  or  sink  for  the 
other  type. 

This  partitioning  of  kinetic  energy  is  essen¬ 
tially  an  analysis  of  variance  of  the  wind 
field,  and  is  possible  because,  aside  from  the 
contribution  of  the  average  wind,  kinetic 
energy  is  the  sum  of  the  variances  of  the 
wind  components.  A  similar  analysis  of 
variance  of  the  temperature  field  is  possible. 
To  the  extent  that  available  potential  energy 
is  measured  by  the  variance  of  temperature, 
this  analysis  partitions  the  available  potential 
energy  into  two  types,  one  due  to  the  variance 
of  zonally  averaged  temperature,  and  one 
due  to  the  variance  of  temperature  within 
latitude  circles.  These  types  may  be  called 
zonal  available  potential  energy  and  eddy  avail¬ 
able  potential  energy.  In  addition  to  other 
forms  of  energy,  each  type  of  available  poten¬ 
tial  energy  may  be  a  source  or  a  sink  for  the 
other  type.  _____ 

Analytic  expressions  for  Az  and  Ar,  the 
zonal  and  eddy  available  potential  energies, 
and  Kz  and  Ke,  the  zonal  and  eddy  kinetic 
energies,  per  unit  area,  may  be  obtained  from 
expressions  (11)  and  (12)  for  A  and  K  by 
replacing  T  and  V  by  their  zonal  averages, 
or  their  departures  from  their  zonal  averages. 
Thus 

S 

Az-l-f(r<-r)-'?-i{iT*dp 

o 


Pm 

ab  -  if  (rt-rr'T-'T^dp 

o 


(24) 


Here  square  brackets  denote  an  average  with 
respect  to  longitude,  at  constant  latitude  and 
constant  pressure,  while  an  asterisk  denotes 
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a  departure  from  an  average  denoted  by 
square  brackets. 

The  time  derivatives  of  these  quantities 
may  by  applying  suitable  averaging  processes 
to  the  continuity  equation  (13),  the  thermo, 
dynamic  equation  (14),  and  die  equations  of 
motion  (19).  Thus,  if  we  allow  the  same  sort 
of  approximations  which  we  used  in  the 
expressions  for  3 A  / 3t  and  3Ki3t, 

a  <  '  1 


JAzItft  —  -  C’z  -  (.A  +  (ij ’i 
0 A^j  Jt  ~  —  C/.;  4*  (  ' a  A  Gg 

3KzJ3t  —  Cz-Ck-Dz 


(25) 


<1  Kg  I  t)t  ~  Cb  +  Ck~  Db 


where 


Cz~-Rg-ifp-l{TTRdp- 

O 

pi 

~-fn:viz\dp 

o 

p«r 

C£=  -  J P  1  T*&>*  dp  - 

O 

pT 

'  jv*  vZ*dp 

O 


(/vr^O^ 


Ck-^Jc  as^({«*p*]^  + 
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Cz-  g-iJ rd(rd-T)  1  ■/  ‘(Tffg? </p 

o 

r* 

Cb -  s  iJ rj(rj-Ty'T-' th? dp 

o 

de  =■  -\r‘  f  WFW]  dp 

o 

Pi 

Dz  —  -g"1  J  V*  ■  F*  dp 


(27) 


In  (26),  m  and  v  are  the  eastward  and  northward 
components  of  K,  ^  is  latitude,  and  is 

the  derivative  with  respect  to  distance  north¬ 
ward.  The  alternative  forms  for  Cz  and  Cb 
are  analogous  to  the  alternative  forms  (17) 
for  C. 

In  equations  (25)  wc  observe  that  each  of 
the  quantities  Cz,  Cb,  Ca.  and  C*  occurs 
twice,  with  opposite  signs.  It  is  then  tempting 
to  say,  for  example,  that  C«  represents  the 
rate  of  conversion  from  zonal  to  eddy  kinetic 
energy,  and  to  draw  analogous  conclusions 
about  the  other  “C's",  i.e.,  to  interpret  the 
C's  as  energy  transformation  functions,  as 
described  by  Miller  (1950).  Wc  must  note, 
therefore,  that  the  C's  are  not  uniquely 
defined  by  the  time  derivatives  of  the  various 
forms  of  energy,  since,  for  example,  if  all 
the  C's  were  altered  by  die  additions  of  the 
same  quantity,  equations  (25)  would  still  be 
valid.  To  justify  the  interpretation  of  the 
C’s  as  conversions  from  one  form  of  energy 
to  another,  we  must  examine  the  physical 

firocesses  which  they  describe.  The  necessity 
or  considering  physical  processes  when  inter¬ 
preting  energy  equations  has  recently  been 
emphasized  bv  Lettau  (1954). 

Wc  note  first  the  quantities  Gz  and  Gb, 
which  may  be  called  the  zonal  generation  and 
the  eddy  generation,  represent  the  generation 
(or  destruction}  of  available  potential  energy 
by  nonadiabatic  processes,  and  do  not  involve 
conversion  from  one  form  of  atmospheric 
energy  to  another.  Similarly,  the  quantities 
Dz  and  De,  which  may  be  called  the  zonal 
dissipation  and  the  eddy  dissipation,  represent 
the  dissipation  of  kinetic  energy  by  friction. 
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and  do  not  involve  conversions  of  energy. 
Here  we  have  regarded  friction  as  involving  a 
simultaneous  destruction  of  kinetic  energy 
and  generation  of  potential  energy,  rather 
than  a  process  of  conversion  from  kinetic  to 
potential  energy,  since  very  little  available 
potential  energy  is  generated  by  frictional 
heating. 

It  follows  that  the  sum  of  the  Ch  in  the 
change  of  any  one  form  of  energy  must  equal 
the  sum  of  the  conversions  to  that  form  of 
energy  from  all  other  forms. 

Wc  nest  note  that  the  C's  all  involve 
horizontal  or  vertical  transports  of  momen¬ 
tum  or  sensible  heat.  These  transports  may  be 
resolved  into  separate  modes  of  transport; 
for  example,  the  vertical  transport  of  sensible 
heat,  represented  by  [To»],  may  be  resolved 
into  a  transport  by  meridional  circulations, 
an  eddy-transport  whose  value  per  unit  area 
is  independent  of  latitude,  and  an  eddy- 
transport  whose  value  vanishes  when  averaged 
over  latitude.  Each  of  these  modes  of  transport 
enters  only  one  of  the  terms  in  the  relation 

[Ten]  -  (Tj[«>j  +  {r*o»*j  +  [T*m*y  (28) 

Let  us  agree  to  regard  the  separate  modes  of 
transport  as  separate  physical  processes. 

We  then  observe  the  following  situation: 
Horizontal  eddy-transports  of  sensible  heat, 
and  vertical  eddy-transports  whose  values 
vanish  when  averaged  over  latitude,  enter 
the  expression  for  Ca,  but  not  C*.  C z,  not  C£. 
They  therefore  affect  Az  and  Ae  by  altering 
the  analysis  of  variance  of  temperature,  but 
they  do  not  affect  Kz,  Ke,  not  the  sum 
Az  +  Ae . 

Eddy-transports  of  momentum  enter  the 
expression  for  C*,  but  not  CU,  Cz,  nor  Ce- 
They  therefore  affect  fCfe  and  Ke  by  altering 
the  analysis  of  variance  of  wind,  but  they 
dc  not  affect  Az,  Ae,  nor  the  sum  Kz  +  JC£. 

Transports  of  sensible  heat  bv  meridional 
circulations,  and  accelerations  due  to  hori¬ 
zontal  displacements  by  meridional  circula¬ 
tions,  enter  the  equivalent  expressions  for  Cz, 
but  not  Ce,  C^,  nor  C*.  They  therefore  affect 
A z  and  Kz  by  altering  the  variance  of  zonally 
averaged  temperature  and  wind,  but  they  do 
not  affect  Ae,  Ke,  nor  the  sum  Az  +  Kz. 

Vertical  eddy-transports  of  sensible  beat 
whose  value  per  unit  area  is  independent  of 


latitude,  and  accelerations  due  to  horizontal 
displacements  by  eddies,  enter  the  equivalent 
expressions  for  Ce,  but  not  Cz,  Ca,  nor  Ck- 
They  therefore  affect  Ag  and  Ke  by  altering 
the  variance  of  temperature  and  wind  within 
latitude  circles,  but  they  do  not  affect  Az,  Kz, 
nor  the  suns  AbAKe. 

It  follows  that  C^,  Cz,  Cz,  and  C&  arc 
energy  transformation  functions,  which  involve 
respectively  only  available  potential  energy, 
only  kinetic  energy,  only  zonal  forms  of 
energy,  and  only  eddy  forms  of  energy. 

Tire  energy  transformation  function  CK  has 
appeared  frequently  in  recent  works.  It  is  a 
modification  of  an  expression  derived  by 
Reynolds  {1894}  in  connection  with  tur¬ 
bulent  flow.  It  has  been  presented  in  nearly 
the  same  form  by  Van  Mice  hem  {1952), 
while  the  first  integral  in  expression  {25)  for 
CK,  which  is  the  dominating  term,  has  been 
discussed  by  Kuo  (1951)  and  Stas*  (1953). 

The  energy  transformation  function  C,< 
bears  nearly  the  same  relation  to  temperature 
which  C/c  hears  to  wind.  It  depends  upon  the 
transport  of  sensible  heat  along  the  gradient 
of  temperature  in  much  the  same  way  in 
which  Cje  depends  upon  the  transport  of 
angular  momentum  along  the  gradient  of 
angular  velocity. 

The  two  possible  remaining  energy  trans¬ 
formation  functions — the  conversions  from 
Az  to  Ke  and  from  Ae  to  Kz,  do  not  enter 
equations  (25).  Moreover,  if  wc  regard  the 
separate  modes  of  transport  as  separate  physical 
processes,  there  is  no  process  which  affects 
both  Az,  and  Kg,  or  both  As  and  Kz . 
These  remaining  energy  transformation  func¬ 
tions  therefore  vanish  identically. 

It  must  he  remembered  that  this  conclusion 
depends  upon  our  regarding  the  separate 
modes  of  transport  as  separate  physical 
processes.  Without  the  distinction  between 
the  two  modes  of  eddy  transport,  it  would 
be  impossible  to  say  whether  or  not  a  direct 
conversion  of  zonal  available  potential  energy 
to  eddy  kinetic  taergy  is  possible,  althougn 
conversion  from  any  form  of  available 
potential  energy  to  eddy  kinetic  energy, 
which  involves  nonvanishing  values  of  T*, 
would  still  require  the  presence  of  eddy 
available  potential  energy.  The  distinction 
between  the  modes  of  eddy-transport  is 
probably  as  logical,  if  not  as  familiar,  as  the 
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distinction  between  eddy  transport  and  trans¬ 
port  by  meridional  circulations.  Without  the 
tatter  distinction  none  of  the  energy  trans¬ 
formation  functions  involving  zonal  or  eddv 
available  potential  energy  could  be  defined. 

5.  The  maintenance  of  the  energy  of  the 
general  circulation 

The  zonal  winds  and  the  superposed  eddy 
motions  are  not  identical  with  the  meridional 
pressure  gradient  and  the  superposed  pressure 
perturbations,  since  the  former  are  features 
of  the  distribution  of  momentum,  which 
possessor  -"-rgy,  and  the  latter  are 

features  of  die  distribution  of  mass,  which 
possesses  available  potential  energy.  It  is 
therefore  a  legitimate  problem  to  study 
exchanges  of  Kinetic  energy  between  the 
zonal  winds  and  the  eddies,  without  consider¬ 
ing  similar  exchanges  of  available  potential 
energy. 

Nevertheless  the  zonal  winds  are  often 
identified  with  the  meridional  pressure  gradient, 
and  cyclonic  and  anricyclonk  circulations  are 
often  identified  with  the  low  and  high  pressure 
systems  which  almost  always  accompany 
them.  Indeed  the  wind  systems  could  not 
long  maintain  their  identities  without  the 
accompanying  pressure  systems,  and  vice 
versa.  It  may  therefore  be  possible  to  achieve 
a  better  undemanding  of  the  general  cir¬ 
culation  by  regarding  exchanges  of  kinetic 
energy  and  exchanges  of  available  potential 
energy  as  features  of  a  single  problem. 

The  conversion  CK  of  zonal  to  eddy  kinetic 
energy  depends  primarily  upon  the  transport 
of  angular  momentum  horizontally  and  ver¬ 
tically  by  eddies  along  the  gradient  of  angular 
velocity.  Recent  computations  by  Stark  (1953), 
based  upon  wind  observations  over  the 
northern  hemisphere  (sec  Stark  and  White 
1954)  confirm  the  earlier  suspicions  of  some 
meteorologists  that  the  horizontal  transport 
is  predominantly  against  the  gradient  of 
angular  velocity,  ana  yield  the  approximate 
value — IQ  x  io*°  ergs  per  second  for  the  integral 
of  Cx  over  the  northern  hemisphere,  so  that 
the  eddies  appear  to  supply  sufficient  kinetic 
energy  to  the  zonal  flow  to  maintain  it  again,  st 
frictional  dissipation. 

At  this  point  wc  must  become  more  specific 
and  state  just  what  sort  of  dissipation  we  are 
considering.  The  dissipation  of  zonal  kinetic 
Tellui  VII  (1933).  2 


energy  by  molecular  friction  is  probably  very 
small.  Tne  principal  “frictional  dissipation 
of  zonal  kinetic  energy  is  instead  due  to  small- 
scale  turbulent  eddies,  and  it  is  principally  the 
kinetic  energy  of  these  eddies  which  is  dissi¬ 
pated  by  molecular  friction.  It  is  therefore  not 
correct  to  say  that  die  eddies  on  the  whole 
supply  kinetic  energy  to  the  zonal  flow, 
if  all  scales  of  eddies  arc  included. 

Instead,  we  must  make  a  distinction  between 
large-scale  eddies,  which,  roughly  speaking, 
arc  the  eddies  large  enough  to  appear  on  syn¬ 
optic  weather  maps,  and  the  remaining  small- 
stale  eddies.  It  is  then  correct  to  say  that 
the  large-scale  eddies  supply  enough  kinetic 
energy  to  the  zonal  flow  to  maintain  it  against 
the  dissipative  effects  of  small-scale  eddies.  This 
important  feature  of  the  general  circulation 
w'ould  be  obscured  if  eddies  of  all  scales  were 
included  in  a  single  category. 

Again,  if  only  molecular  friction  and  con¬ 
duction  were  considered,  the  skin  friction 
and  surface  heating  would  have  nearly  in¬ 
finite  values,  per  unit  mass,  throughout 
nearly  infinitesimal  depths.  The  generation 
and  dissipation  functions  Cz  and  Dz  w'ould 
then  depend  largely  upon  the  usually  unmeas¬ 
ured  temperatures  and  winds  in  a  thin  layer 
next  to  the  ground.  This  difficulty  is  over¬ 
overcome  if  eddy  viscosity  and  conductivity 
replace  molecular  viscosity  and  conductivity, 
so  that  the  skin  friction  and  surface  heating 
have  moderate  values  throughout  moderate 
depths.  Let  us  agree,  therefore,  to  regard 
only  the  large-scale  eddies  as  eddies,  and  to 
include  the  small-scale  eddies  in  a  category 
with  molecular  motions. 

The  conversion  CA  of  zonal  to  eddy  available 
potential  energy  depends  primarily  upon  the 
transport  of  sensible  heat  horizontally  and 
vertically  across  the  gradient  of  temperature 
T".  The  studies  of  Star*  and  White  (1954) 
confirm  the  generally  accepted  idea  that 
the  horizontal  transport  is  with  the  temperature 
gradient,  and  computations  based  upon  the 
results  of  this  study  yield  the  approximate 
value  200  x  ioM  ergs  per  second  for  the  integral 
of  Ca  over  the  northern  hemisphere,  so  chat 
Ca  is  ?bout  twenty  times  as  large  as  Cx- 

It  follows  that  if  the  zonal  winds  and  the 
meridional  pressure  gradient  arc  regarded  as 
separate  manifestations  of  the  same  zonal 
pattern,  and  if  the  wind  and  pressure  variations 
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within  latitude  circles  arc  regarded  as  separate 
manifestations  of  the  same  eddies,  it  is  not 
possible  to  say  tliat  die  eddies  maintain  the 
zonal  circulation.  AW  that  can  be  said  is  that 
the  zonal  pressure  field  maintains  the  eddy 
pressure  variations,  but  the  eddy  motion 
maintains  die  zonal  motion. 

To  understand  the  maintenance  of  the  energy 
of  the  general  circulation,  it  is  therefore  not 
sufficient  to  know  the  exchange  of  energy 
between  the  zonal  circulation  and  the  eddies. 
A  knowledge  of  all  the  energy  transformation 
functions  and  the  generation  and  dissipation 
i unctions  is  requited. 

The  presence  of  net  heating  in  low  latitudes 
and  net  cooling  in  high  latitudes  is  a  familiar 
feature  of  die  general  circulation;  it  leads  to 
a  generally  positive  value  of  (T)'fQj',  so 
that  the  zonal  generation  Gy  is  positive,  and 
indeed  seems  to  represent  the  primary  source 
of  the  energy  of  the  general  circulation. 
Crude  estimates  of  Gy.,  based  upon  radiation- 
balance  figures  of  Albrecht  (see  Haurwitz 
1941),  ana  neglecting  the  release  of  latent 
energy,  yield  the  approximate  figure  Gz  — 
200  x  ioM  ergs  per  second  so  that  Gy  and  CA 
are  about  equal. 

Less  obvious  is  the  sign  of  the  eddy  gene¬ 
ration  Gg,  which  depends  upon  T*Q*.  and 
hence  upon  the  correlation  between  tem¬ 
perature  and  heating  within  latitude  circles. 
Presumably  it  is  negative,  in  view'  of  the 
probable  warming  of  cold  air  masses  and 
cooling  of  warm  air  masses  in  middle  latitudes, 
but  the  possible  preference  of  warm  longitudes 
for  the  release  of  latent  energy  may  suppress 
this  negative  value. 

The  dissipation  functions  D%  and  DE  may 
safely  be  regarded  as  positive.  We  have  just 
seen  that  C*  is  negative,  while  CA  is  positive. 
It  follows  by  continuity  that  CE  must  be 
positive,  since  it  represents  the  only  remaining 
source  for  eddy  kinetic  energy.  This  positive 
value  must  be  associated  with  sinking  of 
colder  air  and  rising  of  warmer  air  at  the 
same  latitude.  Hemispheric  data  for  the  direct 
compu  ation  of  CE  are  unfortunately  not 
available. 

The  sign  of  Cz  cannot  be  inferred  by 
continuity,  but  the  magnitude  seems  to  be 
small,  in  view  of  the  failure  of  hemispheric 
wind  observations  to  reveal  strong  meridional 


cells.  A  value  of  — 2  x  io8f'  eigs  per  second 
for  die  integral  of  Cz  ever  the  northern 
hemisphere  Has  been  estimated  by  Starr 
(J954)  from  the  data  available.  The  negative 
sign  occurs  because  die  middle-latitude  indi¬ 
rect  cell  occupies  die  zone  of  maximum 
temperature  gradient. 

Wc  are  thus  led  to  die  following  picture 
of  the  maintenance  of  die  energy  of  die 
general  circulation;  The  net  heating  of  the 
atmosphere  by  its  environment  in  low  lati¬ 
tudes  and  die  net  cooling  in  high  latitudes 
result  in  a  continual  generation  of  zonal 
available  potential  energy.  Virtually  all  of  this 
energy  is  converted  into  eddy  available  potential 
energy  by  the  eddies.  Some  of  diis  energy 
may  be  dissipated  through  heating  of  the 
colder  portions  of  die  eddies  and  cooling  of 
die  warmer  portions;  the  remainder  is  con¬ 
verted  Into  eddy  kinetic  energy  by  sinking  of 
the  colder  portions  of  the  eddies  and  rising 
of  the  wanner  portions.  Some  of  this  energy 
is  dissipated  by  friction;  the  remainder  is 
converted  into  zonal  kinetic  energy  by  the 
eddies.  Most  of  this  energy  is  dissipated  by 
friction;  a  small  residual  is  converted  into 
zonal  available  potential  energy  again  by  an 
indirect  meridional  circulation. 

In  Conclusion,  let  us  see  how  our  picture 
of  the  energy  transformation  compares  with 
earlier  descriptions  of  the  general  circulation. 
Certainly  it  bears  litde  resemblance  to  any 
dieory  wliich  attributes  die  conversion  of 
potential  into  kinetic  energy  to  a  general 
rising  motion  in  low  latitudes  and  sinking 
in  high  latitudes.  However,  discussions  of 
some  of  the  alternative  processes  which  we 
have  described  have  been  appearing  with 
increasing  frequency  in  recent  meteorological 
literature. 

The  idea  that  eddy  kinetic  energy  is  the 
immediate  source  of  zonal  kinetic  energy  is 
closely  related  to  the  idea  expressed  by  Rossby 
(1947,  1949)  that  large-scale  mixing  processes 
(eddies)  may  account  for  the  distribution  of 
zonal  winds.  Eady  (1950)  has  described  the 
inequality  of  the  mean  zonal  angular  velocity 
as  a  result  of  turbulence  (eddies).  Computa¬ 
tions  of  a  positive  rate  of  conversion  of  eddy 
into  zonal  kinetic  energy,  based  upon  wind 
observations,  have  been  presented  by  Kuo 
(1951)  and  Starr  (1953). 

An  idealized  quantitative  model  in  which 
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the  motions  associated  with  waves  in  the 
westerlies  (eddies)  are  responsible  for  the 
generation  of  kinetic  energy  has  been  presented 
by  Mint/.  {1947).  The  importance  of  sinking 
cold  air  masses  and  rising  warm  air  masses 
was  pointed  out  by  Rossby  (1949).  Van 
Mi ec hem  (1952)  describes  the  conversion  of 
potential  energy  into  eddy  kinetic  energy  as 
one  of  the  two  most  important  energy  trans¬ 
formations  on  the  scale  of  the  general  circula¬ 
tion,  die  other  being  die  conversion  of  eddy 
into  zonal  kinetic  energy. 

The  importance  of  a  poleward  eddy- 
transport  of  sensible  heat,  in  conjunction  with 
the  excess  of  radiadonal  heating  in  low 
latitudes  and  the  deficit  in  high  latitudes, 
has  long  been  recognized  (cf.  Haurwitz 
I94i;.  but  the  inevitable  other  effect  of  this 
transport — an  increasing  of  the  variance  of 
temperature  within  latitude  circles — seems 
to  have  been  generally  overlooked.  Very 
recently  Starr  (1954)  has  described  an  idea¬ 
lized  two-stage  process  of  conversion  of 
potential  into  kinetic  energy,  the  first  step 
consisting  of  a  deformation  of  zonally  oriented 
isotherms.  This  stage  is  essentially  a  conversion 
from  zonal  into  eddy  available  potential 
energy.  But  regardless  of  whether  one  wishes 
to  dunk  in  terms  of  available  potential  energy, 
a  variance  of  temperature  within  latitude 
circles  is  a  prerequisite  for  the  conversion 
of  potential  energy  into  eddy  kinetic  energy, 
which  involves  a  correlation  within  latitude 
circles  between  temperature  and  vertical 
motion  (cf.  Van  Milo  hem  1952).  If  non- 
adiabatic  heating  creates  primarily  a  cross- 
latitude  variance  of  temperature,  a  poleward 
eddy-transport  of  sensible  heat  is  necessary  to 
maintain  the  variance  of  temperature  within 
latitude  circles.  The  conversion  of  zonal  to 


eddy  available  potential  energy  may  therefore 
be  regarded  as  a  third  important  energy 
transformadon  on  the  scale  of  the  general 
circulation. 
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On  Conversions  between  Potential  and  Kinetic  Energy  in  the 

Atmosphere 
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BARRY  SALTZMAN,  Massachusetts  Institute  of  Technology 
(Manuscript  received  February  a,  1956) 


From  a  contiderarion  of  the  large-scale  horizontal  variations  of  individual  pressure  change 
and  500  mb  temperature  in  a  mid-latitude  sector  of  the  Northern  Hemisphere,  computations 
arc  made  of  the  tequiied  mean  conversion  of  potential  energy  into  the  kinetic  energy  of  the 
horizontal  wind  systems.  The  order  of  magnitude  of  the  estimate  obtained  is  in  agreement 
with  that  obtained  by  Brunt  from  considerations  of  the  frictional  dissipation  of  kinetic  energy. 
In  addition,  the  role  of  organized  overturning*  is  investigated.  It  is  indicated  that  overtumings 
in  cast-west  vertical  planes  associated  with  the  large-scale  disturbances  arc  of  primary  importance 
in  effecting  the  release  of  potential  energy. 


t.  Introduction 

In  recent  years  increasing  attention  has  been 
given  to  basic  questions  relating  to  the  manner 
in  which  the  energy  provided  by  solar  heating 
is  utilized  in  maintaining  the  large-scale 
atmospheric  wind  systems.  In  this  connection 
it  has  been  convenient  to  think  in  terms  of  a 
“cycle”  which  traces  the  transformation  and 
flow  of  energy  in  the  atmosphere.  In  such  an 
energy  cycle,  conversions  between  the  po¬ 
tential,  internal,  and  kinetic  forms  play  a  vital 
role.  Aspects  of  this  conversion  process  have 
been  discussed  by  many  authors  including 
Eady  (1949),  Chakney  (1951),  Fjsrtoft 
(1951),  Van  Mieghem  (1952,  1955),  Kuo 
(1954),  Lorenz  (1954).  Phillips  (i954,  1955), 
Pisharoty  (1954),  and  Starr  (1954). 

Although  the  stages  of  the  energy  cycle 
which  involve  the  partition  of  available 
potential  energy  and  kinetic  energy  into  eddy 
and  zonal  components  have  been  measured  by 
direct  observations  (see,  for  example,  Starr 
and  WhiTe,  1954),  little  quantitative  obser¬ 
vational  evidence  has  been  obtained  thus  far 
concerning  the  conversion  between  potential 
and  kinetic  energy.  This  has  been  largely  due 
Tellui  VIII  (1956).  3 


to  the  difficulties  in  computing  the  field  of 
vertical  motion,  or  divergence,  on  wliich  such 
measurements  critically  depend. 

It  is  the  purpose  of  this  article  to  present 
some  observational  estimates  of  the  conversion 
process  based  on  data  recently  computed  by 
means  of  a  two-parameter  model  of  atmos¬ 
pheric  flow,  for  a  grid  network  covering  a 
portion  of  the  North  American  continent. 

2.  The  nature  of  the  conversion  process 

In  accordance  with  the  ideas  originally 
expressed  by  Margules  (1903)  and  recently 
extended  by  Lorenz  (1954),  one  may  conceive 
of  the  primary  effect  of  solar  heating  as  being 
the  creation  of  horizontal  temperature  differ¬ 
ences  which  represent  an  “available”  potential 
energy  in  the  atmosphere.  Through  the  action 
of  vertical  motions,  under  conditions  closely 
approximating  hydrostatic  equilibrium,  this 
available  potential  energy  is  released  and  con¬ 
verted  largely  into  the  kinetic  energy  of  the 
horizontal  wind  (see  Kuo,  1954). 

In  order  to  obtain  a  mathematical  expression 
which  represents  this  energy  conversion  process 
we  may  proceed  as  follows.  Taking  the 
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pressure,  p,  as  the  vertical  coordinate  and  using 
the  hydrostatic  equation  we  may  write  the 
equation  of  motion  for  the  horizontal  wind  in 
the  form, 


'it  4/kxv='  -^~F>  (J) 

where  v  is  the  horizontal  vector  wind, /is  the 
Coriolis  parameter,  k  is  die  unit  vector  in  the 
vertical,  <f>=^gz  is  the  geopotential  of  an 
isobaric  surface,  v  is  the  two-dimensional  del- 
operator  in  a  pressure  surface  and  F  is  the 
vector  frictional  force  per  unit  mass.  If  we 
scalar-multi  ply  this  equation  by  v,  and  expand 
the  total  derivative,  we  obtain  the  energy- 
equation  for  the  horizontal  morions  in  the 
form, 


3k 

~3t 


4-  v  *  vk  +  a 


-  v  v<j>  -  D , 


(*) 


where  k—vz[2  is  the  kinetic  energy  of  hori¬ 
zontal  motion  per  unit  mass,  D  =  v  -  F  is  the 
rate  of  frictional  dissipation  of  kinetic  energy 
per  unit  mass,  and  co-dpjdt.  With  the  use  of 
the  hydrostatic  equation. 


3<j> 

\ P 


-a. 


(3) 


horizontal  wind  can  vary  as  a  result  of  a  fric¬ 
tional  dissipation  and  an  effect  depending  on 
the  product  of  tw  and  the  specific  volume 
throughout  the  mass  of  the  fluid. 

That  this  latter  effect  actually  represents  a 
conversion  of  potential  and  internal  energy 
may  be  demonstrated  as  follows.  The  first  law 
of  thermodynamics  may  be  written  in  the  form. 


JQ 

dt 


(7) 


where  cp  is  the  specific  heat  at  constant  pressure, 
T  is  temperature,  and  dQ/dt  is  the  rate  of  heat 
addition  per  unit  mass  (including  die  generation 
of  heat  by  friction).  With  the  use  of  (4),  this 
equation  becomes 

f^  +  V-^Tv-f|^Tw“^  +  §-  (8) 

Integrating  this  equation  over  die  entire 
atmosphere  and  recalling  that  for  a  vertical 
column  of  the  atmosphere  in  hydrostatic 

equilibrium  Cpg~l  J  T  dp  is  equal  to  the  sum 
0 

of  the  potential  and  internal  energy  of  the 
column,1  wc  find  that  the  expression  for  the 
time-rate  of  change  of  total  potential  and 
internal  energy,  J  (<P  + 1)  dm,  takes  the  form, 

Af 


where  a  =  1  jg  is  the  specific  volume,  and  the 
continuity  equation. 


3(u 

dp 


-  V  *  V  , 


(4) 


wc  may  rewrite  equation  (2)  in  the  form, 

Dk 

31 

(5) 


+  v  -  (k  +  4>)\  +—  (fe  +  d> )a>—  -  cox  -  D . 
3p 


Finally,  if  this  equation  is  integrated  over  the 
entire  mass  of  the  atmosphere,  M,  wc  obtain. 


-  J" oiacdm 

M 


(6) 


where  dm  ~g  1  dx  dy  dp  (.v  is  distance  eastward 
and  y  is  distance  northward). 

This  equation  states  that  for  the  entire  mass 
of  the  atmosphere  the  kinetic  energy  of  the 


-jj’ (0  +  l)dm  —  J' rnxdm  +  J~ ~  dm  .  (9) 

Af  M  M 


The  appearance  of  / ox*  dm  with  opposite 
Af 

sign  in  both  equations  (6)  and  (9)  indicates 
that  this  term  represents  a  conversion  between 
potential  and  kinetic  energy,  a  loss  in  one 
representing  a  gain  in  the  other. 

By  virtue  of  the  strong  relation  between  co 
and  the  vertical  motion  it  is  clear  that  the 
effect  represented  by  this  term  is  associated 
with  the  process  of  rising  of  warm  air  masses 
and  sinking  of  cold  air  masses,  which  has  been 
connected  with  the  conversion  process  since 
the  time  of  Margules. 

Since  over  a  long  period  of  time  there  is  no 
observed  change  in  the  total  kinetic  energy  of 

*  Owing  «o  the  fact  that  in  a  hydrostatic  atmosphere 
the  potential  energy  in  a  given  column  bears  a  fixed 
ratio  to  the  internal  energy,  we  shall  henceforth  include 
both  of  these  forms  under  "potential''  energy. 

Tcilus  Vlll  (1956).  3 
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the  horizontal  wind,  it  follows  from  equation 
(6)  that  the  conversion  integral,  -fan.  dm, 
must  be  positive  in  the  mean  to  balance  the 
frictional  dissipation.  From  another  point  of 
view,  it  has  been  noted  by  Eady  (1949), 
Phuxips  (1954),  and  Kuo  (1954)  that  the 
vertical  transport  or  heat  (of  which  this 
integral  is  a  close  measure)  should,  in  the  long¬ 
time  mean,  be  positive,  in  order  to  maintain 
the  observed  stable  stratification  against  radia- 
tional  losses  in  the  upper  levels  of  the  atmos¬ 
phere. 

It  may  be  noted  also,  that  by  comparing  the 
long-time  averages  of  equations  (6)  and  (9), 
the  well-known  result  that  the  mean  rate  of 
heat  addition  equals  the  mean  rate  of  frictional 
dissipation  is  obtained. 

3.  Measurement  of  the  conversion  term 

An  evaluation  of  thp  conversion  term 
requires  a  knowledge  of  the  spatial  distribution 
of  to  over  the  entire  atmosphere.  Although  it 
is  impossible  at  present  to  obtain  such  extensive 
data,  computations  of  io  for  limited  regions  of 
the  atmosphere  now  being  made  in  connection 
with  numerical  weather  prediction  experi¬ 
ments  are  becoming  available.  The  reliability 
and  coverage  of  these  new  computations  are 
in  many  respects  superior  to  those  provided 
by  other  methods.  It  seems  desirable  therefore 
to  make  use  of  such  data  for  the  present 
problem. 

In  the  process  of  carrying  out  a  series  of 
numerical  forecasting  experiments  for  each 
day  of  January  1953,  values  of  the  vertically- 
averaged  individual  pressure  change  were 
computed  by  the  joint  Geophysics  Research 
Directorate — Air  Weather  Service  numerical 
weather  prediction  project  (Thompson  and 
Gates,  1956).  These  computations  were  based 
upon  a  simple  2-parameter,  quasi-geostrophic, 
baroclinic  model  developed  by  Thompson 
(1953).  The  re-  uts  of  these  computations  were 
kindly  made  available  to  the  authors  for  the 
present  study. 

More  specifically,  the  vertically-averaged 
individual  pressure  change,  cu,  was  computed 
by  means  of  the  adiabatic  energy  equation  in 
the  form, 

(,0) 

Tellui  VIII  (1936).  3 


where  (  )  **  I  iPnf  (  )dp,  x^RTf~i&~*d&}dp 
o 

(©^potential  temperature),  and  J(Z,h )  is  the 
two-dimensional  Jacobian  of  the  500  mb 
height,  Z,  and  the  thickness  between  1,000 
and  500  mb,  h.  x.  which  is  a  measure  of  the 
static  stability  through  the  depth  of  the  atmos¬ 
phere,  was  estimated  from  a  set  of  observational 
data  for  the  period  1 — 10  January,  1953. 

The  values  of  the  tendency,  Dhjdt,  computed 
from  the  thermal  voracity  equation  for  the 
initial  time  «=o,  and  the  corresponding  values 
of  J{Z,  h)  were  used  to  evaluate  d>  at  a  network 
of  204  grid  points  covering  a  large  part  of  the 
North  American  sector.  In  the  solution  of  the 
thermal  voracity  equation  it  is  necessary  to 
specify  the  thickness  tendency  along  the 
boundaries  of  the  region.  This  was  approxi¬ 
mated  by  assuming  that  the  tendency  at  the 
initial  time  is  proportional  to  the  known 
24-hour  thickness  change  centered  on  time 
t  -  o. 

Since  these  numerical  computations  provide 
vertically-averaged  values  of  to  only,  it  is  not 
possible  in  the  present  study  to  consider  the 
multi-levei  effects  of  the  horizontal  variations 
of  a.  Synoptic  evidence  suggests,  however, 
that  the  general  mid-tropospheric  variations 
of  a  are  of  considerable  importance  in  the 
conversion  process.  Accordingly,  as  a  simple 
assumption  the  horizontal  variations  of  a  were 
estimated  by  measuring  the  field  of  temperature 
along  the  500  mb  surface.  It  is  recognized  that 
such  an  estimate  does  not  necessarily  give  a 
representative  measure  of  effects  in  the  upper 
levels  of  the  atmosphere  where  the  horizontal 
field  of  a  tends  to  be  somewhat  out-of-phasc 
with  that  in  the  troposphere. 

The  500  mb  temperature  fields  and  the 
corresponding  w-fields  were  analyzed  on 
separate  charts,  from  which  the  values  of 
temperature  and  <b  were  extracted  at  every  5 
degree  latitude-longitude  intersection  over  the 
area  between  latitudes  35°  N  to  6o°  N  and 
longitudes  70°  W  to  120°  W.  An  example  of 
the  type  of  distribution  of  d>  and  temperature 
which  was  found  is  shown  in  Fig.  1. 

It  is  reasonable  to  expect  that,  in  the  mean, 
the  conditions  in  the  area  sampled  in  this  study 
are  similar  in  their  essential  features  to  other 
middle-latitude  areas  of  the  hemisphere.  The 
geographical  extent  of  this  area  is  sufficiently 
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large  so  that  it  always  includes  at  least  one 
synoptic-scale  disturbance  with  associated  tem¬ 
perature  and  cv-ficlds. 

In  view  of  the  approximations  outlined 
above  and  the  limited  geographical  area 
treated,  the  computations  based  on  these  data 
can  be  taken  only  as  a  rough  measure  of  the 
actual  conversion  process. 

4.  Analysis  of  the  data 

As  outlined  in  the  preceding  section,  esti¬ 
mates  of  the  horizontal  variation  of  the  indi¬ 
vidual  pressure  change  and  specific  volume 
were  obtained  in  this  study.  We  henceforth 
denote  these  estimates  by  a>*  (x,  y)  ( =oi)  and 
a*(.v,  y)  ( ~  500  mb  temperature)  respectively. 


We  may  write  the  time  mean  of  the  space 
average  of  the  product  in  the  form, 

{[<u*a*]},  where  the  brackets,  brace  and  bar 
represent  averages  with  respect  to  x,  y  and  t 
respectively.  TThds  quantity  may  be  further 
resolved  into  components  representing  the 
contributions  due  to  vertical  overtunings  in 
x-p  “planes”,  overtumings  in  the  y-p 
“plane”,  and  the  time  variations  of  the  space 
averaged  individual  pressure  change  and 
specific  volume.  Such  a  resolution  is  ac¬ 
complished  by  the  following  expansion, 

(HP)  -  (K)}  {pB  =  {Rj'Vn  + 

+  {Rv*T}  +  {Kjr'tf**!}'" .  (II) 

Tdlus  VIH  (1956).  3 
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where  the  single,  double  and  triple  primes 
denote  deviations  from  the  x~,  y-  and  f-means 
respectively. 

It  can  be  shown  that,  in  the  long-time  mean, 
the  integral  o£  ta  over  the  entire  mass  of  the 
atmosphere  must  vanish.  Hence,  the  second 
term  on  the  left,  which  involves  is 

identically  zero  if  the  entire  atmosphere  is 
considered.  Since  only  a  limited  region  of  the 
atmosphere  is  treated  in  the  present  study  this 
term  can  have  a  significant  11011-zero  value.  It 
is  dcsireable,  therefore,  to  take  as  a  more 
representative  measure  of  the  hemisphere  con¬ 
version  process  the  left-hand  side  of  equation 
(ri)  rather  than  {[«*«*]}  alone.  If  the  vertical 
motions  associated  with  the  large-scale  synoptic 
features  in  mid-latitudes  are  the  important  ones 
in  effecting  the  required  conversion,1  and  if 
the  region  sampled  is  somewhat  representative 
of  other  regions  of  the  hemisphere,  one  would 
expect  this  quantity  to  be  negative  in  accord¬ 
ance  with  the  theory  of  section  2. 

The  first  terra  on  the  right-hand  side  of  (n) 
represents  the  contribution  resulting  from  die 
correlation  of  [to*]  and  [a*]  in  the  north-south 
direction,  associated  with  overturnings  in  the 
y  -p  “plane”.  The  second  terra  on  the  right 
depends  on  die  correlation  between  a>*  and  «* 
along  a  latitude  circle  and  results  from  over- 
turnings  in  x  -p  “planes”.  The  tliird  term 
depends  on  the  time  correlation  between  the 
space  averages  of  a>*  and  a*. 

More  meaningful  interpretations  of  these 
expressions  can  he  made  in  terms  of  the  energy 
cycle  of  the  general  circulation  conceived  by 
Lorenz  (1954).  In  accordance  with  his  scheme, 
y-p  overturning*  arc  associated  with  transfor¬ 
mations  between  mean  zonal  kinetic  energy 
and  the  “zonal  available  potential  energy’ , 
while  the  a.-  -p  overturnings  represent  a 
transformation  between  eddy  kinetic  energy 
and  “ eddy  available  potential  energy  ’. 

1  It  is  possible  that  phenomena  of  3  smaller  scale  than 
the  grid  network  used  in  this  study,  sueh  as  cumulus 
convection,  may  be  of  some  importance  in  the  global 
conversion  process. 


5.  Results 

Each  of  the  terms  in  equation  (u)  were 
computed  from  the  data,  and  their  values  are 
given  in  table  1. 

If  we  consider  diat  die  mass  of  a  column  of 
the  atmosphere  of  unit  cross-sectional  area  is 
approximately  icr  gm,  then  an  estimate  of  tire 
net  rate  of  energy  conversion  for  the  entire 
depth  of  the  atmosphere  may  be  obtained 
from  the  first  column.  In  accordance  with  the 
remarks  of  section  z,  this  quantity  also  repre¬ 
sents  an  estimate  of  the  mean  rate  of  frictional 
dissipation  of  kinetic  energy  per  unit  area.  In 
the  present  case  the  value  obtained  is  5.0  x  103 
ergs  cm"2  sec"1,  representing  about  two  per 
cent  of  the  effective  solar  radiation.  Considering 
the  approximations  made  in  this  study,  this 
estimate  agrees  well  with  that  obtained  by 
Brunt  (1941)  from  other  considerations.  This 
result  lends  some  support  to  the  assumption 
implicit  in  this  study  that  the  gross-scale 
horizontal  tropospheric  variations  of  cu  and  ae 
in  mid-latitudes  are  of  primary  importance  in 
the  conversion  process. 

As  previously  noted,  the  total  energy  con¬ 
version  is  brought  about  by  various  lands  of 
organized  atmospheric  circulations.  The  pro¬ 
cesses  represented  by  the  second  and  third 
columns  of  tabic  1  are  those  associated  with 
vertical  overturnings  in  north-south  and  east- 
west  vertical  “planes”  respectively.  On  the 
basis  of  these  data  it  appears  that  in  middle 
latitudes  the  x-p  overturnings  consistently  act 
to  increase  the  kinetic  energy,  with  y-p  over- 
turnings  acting  in  the  opposite  sense.  Thus,  in 
terms  of  the  Lorenz  energy  cycle,  the  over- 
tumings  result  in  the  conversion  of  eddy 
available  potential  energy  into  the  kinetic 
energy  of  the  large  scale  atmospheric  disturb¬ 
ances  while  the  y-p  overturnings  give  rise 
to  an  increase  in  the  zonal  available  potential 
energy  at  the  expense  of  the  zonal  kinetic 
energy. 

A  more  detailed  description  of  the  .v  -  p 
overturning  process  is  given  in  Fig.  2  where 


Table  l.  Rate  of  conversion  between  potential  and  kinetic  energy  bared  on  data  for  2 — 31  January, 
1953-  A  minus  sign  indicates  a  conversion  from  potential  to  kinetic  energy.  Units  in  ergs  gm-1  sec-’. 
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Fig.  2.  Latitudinal  variation  of  thr  mean  rate  of  con¬ 
version  of  eddy  available  energy  into  eddy  kinetic 
energy  as  measured  by  [ark'  «*'],  in  units  of  ergs 
cm***  see* 1  X  io*. 


the  latitudinal  variation  of  the  mean  rate  of 
conversion  by ’this  process  is  shown.  It  can  be 
seen  drat  kinetic  energy  conversion  from  eddy 
available  potential  energy  due  to  this  process 
is  most  intense  in  the  vicinity  of  50°  N.  Inter¬ 
estingly,  this  is  also  the  region  where  the 
horizontal  poleward  flux  of  sensible  heat, 
wliich  is  a  measure  of  the  generation  of  eddy 
available  potential  energy,  is  a  maximum  (see, 
for  example,  Starr  and  White,  1954). 

The  negative  contribution  of  the  y  -  p  over- 
turnings  result  largely  from  die  existence  of 
an  indirect  mean  meridional  circulation  over 
the  latitudinal  belt  which  has  been  sampled  in 
this  study.  It  should  be  noted  that  observational 
evidence  provided  by  Starr  and  White  (1954), 
Mintz  and  Lang  (1955)  and  Palmen  (19551 
suggest  the  existence  of  weak  direct  meridional 
circulations  in  tropical  and  polar  regions.  Such 
circulations  convert  zonal  available  potential 
energy  into  zonal  kinetic  energy,  tending 
therefore  to  counteract  the  negative  contri¬ 
bution  from  the  middle-latitude  indirect  cell. 
One  would  not  expect  this  effect  to  be  appreci¬ 
able,  however,  since  observations  have  already 
revealed  that  the  kinetic  energy  of  the  zonal 


wind  is  maintained  primarily  by  a  transfer  of 
kinetic  energy  from  the  disturbances  through 
the  action  of  horizontal  eddy  stresses  (e.g.  Kuo 
1951). 

The  energy  conversion  associated  with  the 
term  in  the  fourth  column  of  table  I,  which 
depends  on  the  time  variations  of  the  space 
means  of  to*  and  a*,  appears  to  be  negligibly 
small. 


6.  Conclusions 

From  a  consideration  of  synoptic-scale 
horizontal  variations  in  a  middle-latitude  sector 
of  the  atmosphere,  an  estimate  of  the  required 
mean  conversion  of  potential  to  kinetic  energy 
lias  been  obtained  which  appears  to  be  of  the 
correct  order  of  magnitude. 

The  empirical  study  has  suggested  that  this 
total  conversion  is  accomplished  mainly  by 
overtumings  in  east-west  vertical  planes,  in 
general  agreement  with  the  proposals  of 
Starr  (1954)  and  the  descriptions  of  uic  energy 
cycle  of  the  general  circulation  proposed  by 
Lorenz  (1954)  and  Phillips  (1955). 

As  noted  earlier,  it  is  recognized  that,  due 
to  the  limitations  in  data,  the  results  of  this 
study  can  only  be  taken  as  a  rough  measure 
of  the  true  global  conversion  process.  When 
sufficient  data  become  available  it  would, 
accordingly,  be  desirable  to  extend  computa¬ 
tions  of  the  typo  presented  here  to  the  entire 
hemisphere  on  a  multi-level  basis. 

Acknowledgements 

The  authors  wish  to  thank  Drs.  P.  D. 
Thompson  and  L.  W.  Gates  and  Mr.  L. 
Bcrkofsky  of  the  joint  Geophysics  Research 
Directorate — Air  Weather  Service  numerical 
weather  prediction  project  for  permission  to 
use  their  computations  of  the  field  of  individual 
pressure  change,  Wc  would  also  like  to 
acknowledge  the  considerable  aid  given  by 
Miss  F.  Scavcr  who  supervised  the  computa¬ 
tions. 


Tcllus  VIII  (1956).  3 


-287- 


CONVERSIONS  BETWEEN  POTENTIAL  AND  KINETIC  ENERGY 


t 

t 

i 

i 


REFERENCES 


BaUNT,  D.,  1941:  Physical  and  Dynamical  Meteorology. 
London,  Cambridge  University  Press. 

Ckakkey,  J.,  2951;  On  bsrocliiae  'Instability  and  the 
maintenance  of  the  kinetic  energy  of  the  westerlies. 
Union  GFodesigue  el  Geophysique  Internationale,  Ninth 
general  assembly. 

£aj>v,  E.  T.,  1949:  Long  waves  and  cyclone  waves. 
Tellus,  I,  pp.  33 — 52. 

Fjobtow,  R.,  2951:  The  stability  properties  of  large- 
scale  atmospheric  disturbances.  Compendium  0/ 
Meteorology,  pp.  <54—463. 

Kuo,  H.  L.,  195c  A  note  on  the  kinetic  energy  balance 
of  the  zonal  wind  systems.  Ttllus,  3,  pp.  so 5 — 207. 

—  1954:  Energy  releasing  processes  and  stability  of 
thermally  driven  motions  in  a  rotating  fluid.  Set. 
Report  No.  1,  Contract  AF  19(604}— 1000,  Slats.  Inst, 
of  Tech.,].  Meteor.,  in  press. 

Lorenz,  E.  N.,  1954:  The  basis  for  a  theory  of  the  general 
circulation.  Final  Report,  Contract  AF  ig(t32}—isj. 
Mass.  Inst,  of  Tech. 

Masclu.es,  M.,  1905:  (jber  die  Energie  der  Stilrme, 
Joftrb.  (Attlt.  tgoj)  Zentralonst.  f.  Meteor.  Geodyn., 
H'ien.  (English  translation  in  “the  mechanics  of  the 
earth's  atmosphere,  a  collection  of  translations  by 
Cleveland  Abbe”,  Smithson.  Misc.  Coll.,  jt,  no.  4. 
PP-  iJ3~ 595.  l9to.) 

Mintz.  Y.,  and  Lanc.  J.,  1955:  A  model  of  the  mean 
meridional  circulation.  Final  Report,  Contract  AF 
tg(tzz) — 4S,  Univ.  of  Calif,  at  Los  Angeles. 

Palm en,  £.,  1055:  On  the  mean  meridional  circulation 
in  low  latitudes  of  the  northern  hemisphere  in  winter 


and  the  associated  meridional  and  vertical  flux  of 
angular  momentum.  Final  Report,  Contract  .4F 
tp( !2t)  —td,  Univ.  of  Calif,  at  Lot  Angela, 

Runups,  N.  A.,  2954:  Energy  transformations  and 
meridional  circulations  associated  with  simple 
baroclinic  waves  in  a  two-level,  quasi-geostrophic 
model,  Tellus,  6.  pp.  173 — :Sfi. 

—  I95j:  General  circulation  of  the  atmosphere:  a 
numerical  experiment.  Unpublished  manuscript  (in 
press). 

Pishasoty,  R.  R.,  1954:  The  kinetic  energy  of  the  atmos¬ 
phere.  Final  Report,  Contract  AF  ig(us) — 4 S,  Univ. 
of  Calif,  at  Los  Angeles. 

Siam,  V.  P.,  1954:  Commentaries  concerning  research 
on  the  general  circulation.  Tellus,  6,  pp.  236—272. 

Stars,  V.  P.,  and  White,  R.  M.,  1954:  Balance  require¬ 
ments  of  the  general  circulation.  Geophysics  Research 
Papers  No.  34,  Air  Force  Cambridge  Research  Center, 
ARDC. 

Thompson.  P.  D.,  1953:  On  the  theory  of  large-scale 
disturbances  in  a  two-dimensional  baroclinic  equiva¬ 
lent  of  the  atmosphere.  Q.J.R.M.S.,  29,  pp.  51 — 70. 

Thompson,  P.  D.,  and  Gates.  W.  L.,  2956:  A  systematic 
test  of  numerical  prediction  methods  based  on  the 
barotrupic  and  two-parameter  baroclinic  models.  J. 
Meteor.  (In  press.) 

VAN  Miechem.J.,  2952:  Energy  conversions  in  the  atmos¬ 
phere  on  the  scale  of  the  general  circulation.  Tellus, 
4.  PP-  334—352- 

—  «955:  Note  on  energy  transfer  and  conversion  in 
large  atmospheric  disturbances.  Q.J.R.M.S. ,  81. 
pp.  19 — 22. 


Tellus  VIII  (1956).  3 


*•<»?«•  ta  »tw« 
nmn.  fTma  M 


-288- 


mggmmfk 


Decembek  2957 


BARRY  SALTZMAN 


EQUATIONS  GOVERNING  THE  ENERGETICS  OF  THE  LARGER  SCALES  OF 
ATMOSPHERIC  TURBULENCE  IN  THE  DOMAIN  OF  WAVE  NUMBER 

By  Barry  Sal tz  man 

Massachusetts  Institute  of  Technology1 

(Original  manuscript  received  3  August  1956;  revised  manuscript  received  22  May  1957) 

ABSTRACT 

By  considering  the  Fourier  analysis  of  the  planetary  field  of  motion  in  the  atmosphere,  it  is  possible  to. 
define  “scales”  of  motion  and  to  write  equations  which  govern  the  behavior  of  these  separate  scales  of 
motion.  Specifically,  equations  for  tha  rate  of  change  of  the  kinetic  and  available  potential  energy  of  a 
disturbance  ef  a  given  wave  number  are  presented.  Such  equations,  which  include  the  effects  of  the  gen¬ 
eration  and  release  of  potential  energy,  friction,  and  the  transfer  of  energy  among  the  various  scale#  of 
eddies  and  the  mean  flow,  can  serve  as  a  basis  for  studying  the  day-to-day  variations  of  the  spectral  dis¬ 
tribution  of  kinetic  energy  and  for  computing  the  “steady-state”  atmospheric  energy  cycle  in  the  domain 
of  wave  number,  with  the  use  of  daily  hemispheric  data. 


1.  Introduction 

It  is  conventional  in  considering  the  planetary 
atmospheric  flow  to  think  in  terms  of  a  mean  motion 
obtained  by  averaging  the  flow  along  latitude  circles, 
and  an  irregularly- varying  eddy  or  disturbed  motion 
which  represents  a  turbulent  departure  from  this  mean 
condition.  In  the  atmosphere,  the  turbulence  elements 
which  comprise  this  eddy  motion  vary  in  scale  over  a 
wide  spectrum,  ranging  from  the  minute  fluctuations 
recorded  by  sensitive  micrometeorological  instruments 
to  the  very  large-scale  irregularities  in  the  flow  ob¬ 
served  on  hemisphe:  ic  synoptic  charts.  The  propriety 
of  considering  the  larger-scaie  eddies  as  turbulence 
elements  was  first  recognized  by  Defant  (1921). 

By  considering  the  physical  processes  which  bring 
about  the  eddy  motion,  it  is  possible  to  distinguish 
between  two  basic  regimes  of  turbulence  which  occur 
in  the  atmosphere.  In  particular,  we  may  distinguish 
between  a  DIRECT  turbulence  in  which  kinetic 
energy  of  the  eddy  motion  is  maintained  primarily  by 
a  direct  conversion  from  other  forms  of  energy,  and 
an  INDIRECT  turbulence  in  which  the  eddy  motion 
arises  as  a  result  of  a  transfer  of  kinetic  energy  from 
the  laminar- type  motions  associated  with  a  larger 
scale  of  flow.  As  an  example  of  direct  turbulence,  we 
may  cite  the  cyclone-scale  disturbances  in  mid¬ 
latitudes  which  grow  largely  at  the  expense  of  poten¬ 
tial  energy  due  to  baroclinic  instability.  The  fric- 
tionally-induced,  gusty  wind  variations  near  the 
ground  surface,  which  represent  the  degradation  of  the 
energy  of  the  larger-scaie  global  motions,  are  an  ex¬ 
ample  of  the  indirect  type. 

1  This  research  has  been  supported  by  the  Geophysics  Research 
Directorate,  Air  Force  Cambridge  Research  Center,  Air  Research 
and  Development  Command,  under  Contract  AF19(604)-1000. 


Most  of  the  classical  treatments  of  turbulence  [see 
Sutton  (1953)3  have  been  concerned  primarily  with 
the"  latter  case,  and  consequently  are  not  generally 
applicable  to  the  iarger-scale  meteorological  turbu¬ 
lence  which  tends  to  be  of  the  direct  type.  Past 
attempts  to  make  such  an  application  have,  ac¬ 
cordingly,  resulted  in  many  paradoxical  inconsist¬ 
encies,  exemplified  by  the  requirement  for  an’ imagi¬ 
nary  mixing-length.  In  recent  years,  however,  the 
essential  energetical  differences  between  the  two 
regimes  of  turbulence  have  been  recognized  more 
widely,  and  several  writers  have  suggested  a  more 
general  viewpoint  in  which  the  existence  of  both  types 
is  considered  ( e.g Blackadar,  1950;  Kuo,  1951 ;  Starr, 
1953;  Lettau,  1954;  and  Hutchings,  1955).  The  pur¬ 
pose  of  this  article  is  to  present  equations  for  the  study 
of  the  statistical  and  dynamical  properties  of  the 
larger-scaie  atmospheric  turbulence  from  this  broader 
viewpoint,  with  special  regard  for  the  energy-flow 
characteristics  in  the  domain  of  wave  number. 

A  customary  approach  to  the  study  of  turbulent 
fluid  motion  is  to  consider  the  stability*  properties  of 
the  disturbances  in  the  flow ;  accordingly,  much  atten¬ 
tion  has  been  given  recently  to  the  examination  of  the 
stability  characteristics  of  the  larger-scalc  atmospheric 
disturbances.  These  studies  have  depended  largely  on 
idealizations  of  the  flow,  usually  based  on  the  method 
of  small  perturbations  proposed  originally  by  Helm¬ 
holtz  (1888).  In  this  connection  we  may  cite,  as  ex¬ 
amples,  studies  by  Charney  (1947),  Eady  (1949), 
Fjortoft  (1950),  Kuo  (1949;  1951 ;  1952;  1953),  Phillips 
(1951),  and  Thompson  (1953).  The  “stability"  of 
flows  initially  containing  finite  disturbances  has  been 
treated  by  Fjortoft  (1950;  1951),  Starr  (1950),  Platz- 

*  The  term  “stability”  is  used  here  m  its  broadest  sense,  being 
applied  to  disturbances  of  targe  as  well  as  small  amplitude. 
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man  (1952),  Kuo  (1953),  and  Lorenz  (1953).  The 
flows  dealt  with  in  these  latter  studies  were  con¬ 
strained  by  simple  boundary  and  initial  conditions 
and  simplified  dynamical  relationships  such  as  the 
barotropic  vorticity  equation. 

In  the  well-known  formulation  of  the  problem  from 
the  energy  standpoint  by  Reynolds  (1894),  the  basis 
is  provided  for  studying,  in  complete  generality,  the 
stability  properties  of  the  large,  finite  disturbances 
which  are  observed  in  any  turbulent  fluid.  A  serious 
drawback  of  this  approach,  however,  is  the  fact  that 
no  information  is  given  as  to  the  behavior  of  the 
separate  scales  of  eddies,  as  distinct  from  the  growth 
and  decay  of  total  eddy  kinetic  energy. 

In  this  article,  methods  similar  to  those  used  in  the 
modern  statistical  theory  of  turbulence  based  on 
Fourier  analysis  [see,  for  example,  Batchelor  (1953)3 
are  used  to  extend  the  Reynolds  formulation  of  the 
turbulence  problem  into  the  domain  of  scale.  Such  an 
approach  makes  it  possible  to  investigate  the  ener¬ 
getics  of  the  atmospheric  disturbances  directly  from 
daily  observational  data.  Whereas,  for  reasons  of 
mathematical  expediency,  most  past  studies  have 
treated  either  the  "barotropic  problem”  in  which  the 
flow  has  a  horizontal  shear  or  the  "baroclinjc  problem” 
in  which  the  flow  has  a  vertical  shear,  the  present 
formulation  includes  both  effects  simultaneously.  [Re¬ 
cently  Pocinki  (1955)  and  Phillips  (1956)  have  made 
first  attempts  to  unify  the  barotropic  and  baroclinic 
problems,  the  former  with  the  framework  of  the  per¬ 
turbation  method  and  the  latter  using  numerical 
integration  techniques.3 

Specifically,  it  is  possible  to  derive  from  the  funda¬ 
mental  equations  a  relation  for  the  time  rate  of  change 
of  the  kinetic  energy  of  a  disturbance  of  any  given 
wave  number  as  a  function  of  the  latitudinal  spectra 
of  several  meteorological  quantities.  This  equation 
contains  terms  representing  the  transfer  of  energy 
among  the  various-wavelength  disturbances  and  the 
mean  flow,  and  terms  representing  the  conversions 
from  potential  and  internal  energy.  In  accordance 
with  the  common  usage,  one  would  speak  of  a  given- 
wavelength  disturbance  as  being  barotropically  un¬ 
stable  if  its  kinetic  energy  is  increasing  at  the  expense 
of  the  kinetic  energy  of  the  mean  flow  and  of  other 
disturbances,  and  baroclinically  unstable  if  it  tends  to 
grow  at  the  expense  of  potential  and  internal  energy. 
The  evaluation  of  such  an  equation  over  a  sufficiently 
long  period  of  time  provides  a  basis  for  determining 
the  “steady-state”  cycle  of  energy  conversion  and 
transfer  in  the  domain  of  scale. 

The  development  of  this  equation  is  presented  in 
section  5.  As  a  preliminary,  the  basic  equations  to  be 
used  in  this  study,  a  review  of  the  more  conventional 
equations  for  zonal  and  total  eddy  kinetic  energy,  and 
a  review  of  the  basic  concepts  of  Fourier  analysis  are 
presented  in  the  following  three  sections. 


2.  Fundamental  equations 


In  this  article  we  shall  make  use  of  the  fact  that,  to 
a  high  degree  of  accuracy,  the  atmosphere  is  in  a  state 
of  hydrostatic  equilibrium,  so  that  we  may  take  the 
pressure,  p,  as  the  vertical  coordinate.  Thus,  if  we 
neglect  the  Coriolis-force  terms  involving  the  vertical 
component  of  the  wind,  we  may  express  the  equations 
of  motion  in  spherical  coordinates  as  follows : 


du  du 

—  *4*  V‘Vu  -f-  u  — 
dt  dp 


g  dz 


cos  p  d\ 


-  X, 


dv  dv 

—  +  F'Vr  +  u  — 
dt  dp 


and 


/  u  tan  <f>  \  g  dz 

-  -«(/  + - )  ----  v’ 

V  a  /  a  dp 

0  *=  —  g  dz/dp  —  a. 


(1) 


(2) 

(3) 


In  these  equations,  X  is  longitude;  p  latitude;  u  and 
v  are  the  eastward  and  northward  components  of  the 
wind,  respectively;  V  =  ui  +  vj  ( i  and  j  are  the  unit 
vectors  in  the  eastward  and  northward  directions, 
respectively)  is  the  two-dimensional  vector  wind  in  a 
pressure  surface;  o>  =  dp/dl,  V  =  i{a  cos  p)~'d/d\ 
+  ja~ 1  d/dp;  a  is  the  radius  of  the  earth ;  t  the  height 
of  an  isobaric  surface;  a  —  1/p  is  specific  volume;  X 
and  Y  are  the  eastward  and  northward  components, 
respectively,  of  the  frictional  force  per  unit  mass; 
/  “  20  sin  p  is  the  Coriolis  parameter;  and  t  is  time. 

In  this  (X,  p,  p,  t)  coordinate  system  the  continuity 
equation  takes  the  following  simple  form : 


du/dp  ■  —  V*  V 


(1  d<t  1  dv  v  tan  p  \ 
a  cos  p  d\  a  dp  a  ) 


(4) 


The  thermodynamical  energy  equation  may  be 
written  in  the  form, 


h  ■*  Cr  dT/dt  —  o»,  (5) 

where  h  is  the  rate  of  heat  addition  per  unit  mass 
(including  the  generation  of  heat  by  friction),  Cr  the 
specific  heat  at  constant  pressure,  and  T  is  temperature. 
For  completeness,  we  have  also  the  equation  of  state, 

a  =  RT/p,  (6) 

in  which  R  is  the  gas  constant. 

The  relationships  (1)  to  (6)  constitute  the  system 
of  equations  which  we  shall  use  throughout  this 
article.  In  addition,  we  shall  hereafter  consider  the 
earth's  surface  to  be  perfectly  spherical.  As  a  result  of 
this  simplification  of  the  lower  boundary,  it  will,  of 
course,  be  impossible  to  describe  the  direct  effects  of 
orography  on  the  energetics  of  the  atmosphere. 
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3.  Conventional  equations  for  total,  mean  and  eddy 
kinetic  energy 


If  we  multiply  (i)  and  (2)  by  u  and  v,  respectively, 
we  obtain  the  mechanical  energy  equations  for  the 
“horizontal”  wind  components  in  the  form 


d 

dt 


gu  dz 
a  cos  p  OX 


-  uX, 


(7) 


and 


(u  tan  P  \ 
/  +  —  ) 


gv  dz 
a  dp 


-  itV. 


(8) 


It  may  be  seen  that  the  effect  represented  by  the 
term  uv[J  -f-  (u  tan  p}/a}  is  to  transfer  kinetic  energy' 
between  the  zonal  and  meridional  components  of  the 
wind.  By  adding  (7)  and  (8),  this  term  is  eliminated, 
yielding  the  following  relation  for  the  rate  of  change 
of  the  total  kinetic  energy  of  the  “horizontal”  wind, 
k  -  §  (w8  -4-  cs) : 


dk/dt  =  -  V-Vk  -  udk/dp  -  gV-Vz  ~  V  F,  (9) 


where  F  —  Xi  +  Yj. 

Equations  (7),  (8)  and  (9)  may  be  averaged  with 
respect  to  longitude  to  give  the  following  relations: 


B’  =  K1  +  Un,  (13) 

vi  =  Js  -}*  i/2i  (14) 

and 

£  =  -f-  S2}  4-  |  («'*  +  v '*} 

=  hiV2  +  F2).  (15) 

In  these  relations,  the  primes  denote  deviations  from 
the  zonal  mean  so  that,  for  example,  u  ~  u  4-  u' .  We 
shall  now  present  equations  for  the  time  rate  of  change 
of  these  separate  components  of  k . 

•If  we  multiply  (1)  and  (2)  by  u  and  S,  respectively, 
apply  the  continuity  equation  (3),  and  average  the 
resulting  equations  along  a  latitude  circle,  we  obtain 
the  relations 


8 

dt 


(?) 


U  3  __  d  _ 

— - - (uv  COS  p)  —  a -  U03 

a  cos  4>  dp  dp 

_ tan  p  \  „ 

f8  i -  uv  — ——  J  -  #%,  (16) 


and 


d 

Tt 


(  —  )  = - -  —  (v' 

\  2  /  a  cos  p  d<P 


a  COS  p)  —  V - Vdi 

dp 


—  tan  p  \  gv  dz  _  , 

fu  4-  v? - J - e?.  (17) 

a  J  a  dp 

These  equations  may  be  expanded  further  to  read 


d  /  u 
dt 


(?)  —  (?)-£(?) 


dP 

—  tan  p  — 

4-  «*» - h  f  uv 

a 


g  dz  _ 

u - uX,  (10) 


a  cos  P  dX 


and 


dk 

dt 


dp 


d  /a*  \  r  i  6  /  u2  _\ 

—  (  —  1=1 - |t’~  —  U  UV  )  COS  p 

dt  \  2  /  La  cos  p  dp  \  2  / 

d  /  u*  ,~\1 
4*  -  I  U - a  Uii}  1  I 

dp\  2  /J 

.  cos  pdf  U  \  du 

- (  -  }  4-  « V  ■— 

a  dp  \  cos  p  /  dp 

+  av(j+af-^^  ~aX,  (IS) 


and 


_ tan  p 

g  dz  — 

-  u*v - 

-  f  uv 

-  -  v - vy. 

(H)  - 

a  . 

a  dp 

dt 

—  V'Vk  —  « 

Ik 

gV-Vz  -  VF, 

(12) 

4-  «V 


/  s*  \  r  1  a  /  «*  — \ 

i  —  I  —  I - I  iJ - 6  w  J  cosp 

V  2  /  L  u  cos  P  dp  \  2  / 

d  & _ 1  __ 

4 — (« - vtnj>)  j  4-  ti’v - h  tv 

dp  2  J  a  dp 


dd 

Vp 


where  the  bar,  defined  by  (  )  =  (l/2r)  Jou  (  )  d\,  de¬ 
notes  the  zonal  average. 

The  kinetic  energy'  averaged  around  a  latitude 
circle  may  be  further  resolved  into  components  repre¬ 
senting  the  kinetic  energy  of  the  zonally  averaged 
(mean)  wind  and  the  mean  eddy  kinetic  energy, 
according  to  the  equations 


tan  p 


(tan  p  \ 

!+*—) 


v  di 
a  dp 


9  ?.  (19) 


Adding  (18)  and  (19),  wc  obtain  for  the  rate  of  change 
of  the  kinetic  energy  of  the  zonally-averaged  flow. 
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a 

at 


/ V*\  r  1  5  /  F*  - 

\  2  /  L  o  cos  4>  d4>\  2  / 

a  /  p  _  __\  ] 

a/>  V  2  /  J 

_  tan  0 _ 1  d6 

-  u'u'  a - +•  t»v  -  — 

c  a  50 

_ cos  0  5/  tZ  \  - 

+  uY - -  —  (  -  )  +  «  V 

a  50  \  cos  0  / 


where  d'  -  V'F'  is  the  rate  of  frictional  dissipation 
of  the  eddy  flow. 

If  we  integrate  (20)  and  (23)  over  a  closed  mass  of 
fluid  ( e.g the  entire  atmosphere),  neglecting  the 
generally  small  effects  of  variations  of  surface  pressure, 
we  obtain 


;5« 

a p 


a  r  v* 

—  i  —  dm 

at  J  u  2 


- 59  $  di  , 

+  v'u  - - g  -  - - <?,  (20) 

dp  a  50 

where  d  —  V -F  =*  (tl£  +  f>P)  is  the  rate  of  frictional 
dissipation  of  the  mean  flow. 

Equations  for  the  rate  of  change  of  the  mean  eddy 
kinetic  energy  may  be  obtained  by  subtracting  (18) 
and  (19)  from  (10)  and  (11),  respectively,  in  accord¬ 
ance  with  the  relations  (13),  (14)  and  (IS).  The  result¬ 
ing  equations  may  be  expressed  in  the  form 


9 

~dt 


r  r _ cos  05/  a  \  _ l 

I  J  UY  - - / - )  +  vy  ~ 

JmL  a  50  \  cos  0  /  a 


dv 

dtp 


_  tan  0  _ 

u'u'  B - b  w'< 

a 


and 

5 

Bt 


5tZ  ___ 

dv  1 

- f-  i >'(j’ 

—  dm 

dp 

dpi 

v  dz  r  _ 

- dm  - 

-  I  d  dm, 

a  dtp 

Jm 

L 


Yi 


dm 


r 

1  5 

u '* 

5 

«'«  1 

--/ r? 

—  cos  0  5  , 
y  ,  1 

1  +  v'l 

-  - 

V - COS  0 

+ 

- Cl 

— 

j  M  L 

a  dtp  " 

(  COS  0  / 

L  a 

cos  0  50 

2 

dp 

2  J 

_ _  9 

-  du  _ 

dv 

cos  0  5 

/  u  \ 

dU 

-  u'u'  -  1 

tan  0  +  u'u 

' - hr1 

'u  — 

—  t<V 

( — } 

u'u' 

a 

dp 

dp 

a  dtp 

\  COS  0  / 

dp 

r 

r 

/ 

tan  0  \ 

-  |  &r 

•Vz'  dm 

~  J 

+  uV 

(f+ii 

J  M 

J  M 

\ 

A  / 

where  dm  =  g~ 

la2  cos  <j>  d\ 

dp  dp,  and  M  i 

59 

dtp 


dm 


tan  0  _ —  tan  0  ____ 

d — — —  uuv' d - luu 


the  integration  is  over  the  whole  atmosphere. 
Adding  (24)  and  (25),  we  obtain 


at  \  2  /  L  o  co 


g  ,az' 

-  M  — 

a  cos  0  d\ 


5  v 


cos  0  d - 

cos  0  50  2  dp 


Vx\  f21)  7t  ~  ~  fMgVvzdm  ~  fMVFdm’ 

« —  j 

2  J 


(26) 


1  59 
a  dtp 


dv 

dP 


- /  H  \  tan  0 - 

—  u'v'  f  /  d —  tan  0  1 - uu  v' 


and 


g  dz'  - 

-v' - v'Y',  (22) 

a  dtp 


d 

at 


/Fn  f  1  5  F'*  5  F'1  1 

(  —  I  =  —  I - —  v  —  cos  0  d - w  — - 

V  2  /  La  cos  0  50  2  dp  2  J 

- cos  0  5/  u  \  _ 1 

-  K  V - -  —  ( - )  -  vV  - 

a  dtp  \  cos  0  /  a 


dU  _ dv  _ 

1 - vW - h  u'u’  v 

dp  dp  a 


1  59 

dtp 
tan  0 


which  could  have  been  written  directly  from  (12)  with 
the  use  of  the  continuity  equation. 

The  appearance  of  the  first  integral  in  (24)  with 
opposite  sign  in  (25)  indicates  that  this  term  measures 
the  transfer  of  energy  between  the  mean  flow  and 
eddy  flow.  It  depends  on  the  product  of  the  so-called 
Reynolds  eddy  stresses  and  the  shear  of  the  mean 
velocity  throughout  the  fluid. 

The  second  integrals  of  (24)  and  (25)  represent 
conversions  between  potential  energy  and  the  kinetic 
energy  of  the  mean  and  eddy  components  of  the  flow, 
respectively.  This  may  be  demonstrated  by  consider¬ 
ing  the  thermodynamical  energy  equation  (5).  Using 
the  continuity  equation  (4)  and  the  hydrostatic  equa¬ 
tion  (3),  and  integrating  over  M,  we  obtain  [see  White 
and  Saltzman  (1956)3 


L 


a 

dt 


C„T  dm 


-  gV-Vz'  ~  d\  (23) 


-JL 


L 


u*«  dm  +  I  h  dm 


gV'Vzdm+  f  h  dm,  (27) 

J  M 
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where  Sm  CpT dm  is  the  total  potential  and  internal 
energy  of  the  atmosphere.  (Under  hydrostatic  condi¬ 
tions,  the  potential  energy  bears  a  fixed  ratio  to  the 
internal  energy,  so  that  we  may  henceforth  speak  of 
“potential"  energy  alone.)  If,  now,  we  apply  the  bar 
operator  to  (27),  we  obtain 


a 

dt 


f  Cpf  dm  =  f  gV-Vsdm  +  f  h  dm 

J  a  J  m 

r  v  dz 

“  I  £~T7‘ 

J  m  a 

+  f  g  W^Vz'  dm  +  f  h  dm.  (28) 


fW  =  Z  F(n) •** 


of  waves  around  the  latitude  circle.  The  functions  /(X) 
and  F(n)  to  be  considered  here  are  listed  in  table  1. 

Table  1.  Fourier  transform  pairs  considered  in  this  study. 


/CM: 

14 

t  <*  *  T 

h  X  Y 

T(n): 

U 

V  tl  A  B 

H  P  Q 

From  this  equation  it  may  be  seen  that  the  second 
integrals  in  (24)  and  (25),  taken  together ,  represent  the 
conversion  between  total  kinetic  energy  and  total 
potential  energy';  taken  separately,  they  represent 
the  conversions  between  “zonal  available  potential 
energy'"  and  the  kinetic  energy  of  the  mean  flow,  and 
between  “eddy  available  potential  energy”  and  the 
kinetic  energy  of  the  eddy  flow,  respectively,  according 
to  the  terminology  introduced  by  Lorenz  (1955). 

The  last  terms  in  (24)  and  (25)  measure  the  rate  of 
frictional  dissipation  of  the  kinetic  energy  of  the  mean 
and  eddy  flows,  respectively. 

The  equations  discussed  in  this  section  are  well 
known  and  essentially  date  back  to  the  classical  paper 
of  Reynolds  (1894)  [see,  also,  Van  Mieghem  (1952) 
and  Arakawa  (1953)].  In  accordance  with  the  intro¬ 
ductory'  remarks,  in  the  following  sections  we  shall  use 
the  methods  of  Fourier  analysis  to  define  scales  of 
eddies,  and  we  shall  derive  energy  equations  corre¬ 
sponding  to  (24)  and  (25)  which  govern  the  behavior 
of  these  individual  scales  of  motion. 


4.  Basic  concepts  from  the  theory  of  Fourier  analysis 

Any  real,  single-valued  function  /(X),  which  is  piece- 
wise  differentiable  in  the  interval  (0, 2ir),  may  be 
written  in  terms  of  a  Fourier  representation, 


The  quantity  F(n)  is  the  representation  of  /{X)  in 
the  domain  of  wave  number  and  is  called  the  spectral 
function  of  /.  The  set  of  equations,  (29)  and  (30),  is 
often  referred  to  as  a  Fourier  transform  pair. 

Using  (29)  and  (30),  we  may  write  the  Fourier 
transform  pairs  for  the  derivatives  of  /(>.,  p,  t). 
Specifically,  we  have 


dl 

3X 


22  *»  F{n)  e,n\ 


and 


and 


and 


[t»  F(«)]  = 


1  r2*df 

2rJ0  d\e 


■d\; 


dl 


=  Z  Ff(n)  e*'*\ 


(31) 


(32) 


(33) 


F((n) 


l  riT  df 

J  dX,  (34) 


-  -  f 

2r  J o 


where  £  may  be  <f>,  p  or  t,  and  the  use  of  subscript  de¬ 
notes  a  partial  differentiation  (i.e.,  F{(n)  =  SF(n)/d(). 

We  now  consider  the  product  of  two  functions,  f(X) 
and  g(X),  whose  spectral  functions  defined  by  (30)  are 
F(n)  and  C(w),  respectively.  For  these  functions,  we 
may  write 


(29) 


--  f!rD-(X)g(X)]e-^dX 

2t  Jo 

-fX/(x)[i. 


C{m )  e 


it 


**  dX.  (35) 


where  the  complex  coefficients,  F(n),  are  given  by 
1  ru 

F(n)  =  —  I  /(X)  e~*nX  dX.  (30) 

2ir  Jo 

For  the  purposes  of  this  discussion,  we  shall  consider 
the  Fourier  representation  of  meteorological  quantities 
specified  along  a  given  latitude  circle.  Thus,  in  (29) 
and  (30),  X  is  taken  as  longitude,  and  n  is  the  number 


If  we  assume  that  g(X)  is  uniformly  convergent,  so 
that  the  order  of  summation  and  integration  may  be 
interchanged,  (35)  can  be  written  in  the  form 


1 

2t 


[/(X)  g(X)>-"*x  dX 


=  Z  G(m) 


»)\  jx, 


(36) 
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or,  finally, 

-  £  G{m )  F(»  -  m).  (37) 

This  expression,  which  gives  the  spectral  function 
for  the  product  of  two  variables,  is  often  called  the 
multiplication  theorem.  As  a  special  case,  we  may  obtain 
Parseval’s  theorem  by  setting  n  =  0  in  (37) : 

£  d\  -  F(  —  m).  (38) 

If,  further,  /  *=  g,  we  have 


The  hydrostatic  equation  (3)  takes  the  form 

A,(n)  =  -  (R/gp)  B(n).  (42) 

The  continuity  equation  (4)  takes  the  form 

r  *« 

0,(n)  -  -  - -  U(n) 

L  a  cos  <t> 

1  tan  p  1 

+  -^(») - V(n)  .  (43) 

a  a  J 

Finally,  the  thermodynamical  energy  equation  (5) 
takes  the  form 


—  f><X)dX-  £  |F(m)|».  (39) 

2 IT  o/o  m—m 

In  (39),  use  has  been  made  of  the  fact  that  F{—m) 
is  the  complex  conjugate  of  F{m),  which  implies  that 
F{m)F(-m)  -  |F(m)|*. 

It  may  be  noted,  also,  from  (30)  that  F(0)  *  /. 


5.  Equations  In  the  domain  of  wave  number 

Transformation  of  fundamental  equations. — With  use 
of  the  relations  presented  above,  we  may  now  trans¬ 
form  the  basic  equations  (1)  to  (5)  from  the  space 
domain  to  the  domain  of  wave  number.  These  trans¬ 
formations  are  effected  explicitly  by  multiplying  the 
basic  equations  by  ( 2x)~'eri'>‘ ,  integrating  around  a 
latitude  circle,  and  applying  (29)  to  (34)  and  (37). 

Thus,  the  equations  of  motions  for  the  horizontal 
components  of  the  wind  take  the  form  (see  table  1) 


-  i[ 


tm 


U(m )  U(n  —  m ) 


tan  <t>  . 

a 

gn* 

and 

a  cos  0 

&  1* 

4^ 

II 

-  E  [ 
m— — «o  L  < 

a  cos  p 

+  -  (/*(«)  V{n  —  m)  +  Ur{m )  fl(«  —  m) 
a 

J{m)  V(n  —  m)j 
A  («)+/F(«)  -P(n),  (40) 


-f  -  V+(m)  V{n  —  m)  +  V,(m)  fl(«  —  m) 
a 

tan  <p  .  1 

H - U{m)  U(n  —  w)j 


~  A*(n)  —  fU(n)  -  (?(*). 
a 


(41) 


d  “  r 

-B(n)  =  -  E  - -B(m)  U(n  -  m) 

dt  _ _ «,  L  a  cos  <t> 

+  -  B*(m)  V{n  —  m)  +  B,(m)  Q(»  —  m) 
a 

-  -^-B{m)Sl{n  -  m)l  +  ~  .H(n).  (44) 
Crp  J  C, 

Equations  (40)  to  (44)  represent  a  closed  system  of 
equations  governing  the  five  dependent  variables  U, 
V,  0,  A  and  B  as  functions  of  »,  <f>,  p  and  l,  provided 
that  the  heating  distribution  H(n )  is  specified.  Al¬ 
though  this  aspect  will  not  be  treated  here,  it  is  worth 
noting  that  such  a  system  of  equations  can  serve  as 
the  basis  for  a  hemispheric  numerical  prediction 
scheme. 

Mechanical  energy  equation. — We  shall  now  derive 
the  equations  for  the  rate  of  change  of  kinetic  energy 
of  disturbances  of  given  scale.  We  may  conceive  of  a 
disturbance  of  a  scale  proportional  to  l/«  as  the  har¬ 
monic  component  of  the  complete  flow  whose  wave 
number  is  n,  wave  number  zero  corresponding  to  the. 
mean  flow 

From  the  Parseval  theorem  (39),  we  may  write 

1  ru  P  P 

JE--|  -d\  --+  E  K{n),  (45) 

2t  Jo  2  2  „a.i 

where 

Kin)  =  |  f/(»)|’+  |F(n)|*  (46) 

is  the  spectral  function  for  the  zonally-averaged  eddy 
kinetic  energy  per  unit  mass. 

By  multiplying  (40)  and  (41)  by  U(  —  n)  and 
K(  — »),  respectively,  and  applying  (43),  we  obtain 
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the  following  expressions  for  the  rate  of  change  of  the  separate  components  of  K(n) : 

d 


dt 


Uin)\ 2  - 


cos  P  3  /  u  \ 

~  ZU (-n)  V(n)  +  U(n)  !'(-«)] - f  -  }  -  [U(~n)Q(n)  +  U(n)  3u/3p 

a  dp  \  cos  0  / 


+  L U(-n)  U{n)  +  U(n )  £/(-«)  JKtan  p)/a  -  £ 
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a  cos  0 
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tan  0 
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a  cos 


and 

3 
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(tan  0  \ 

/+  u-~-  J  [£/(-«)  V(n)  +  U(n )  F(~«)] 

~  ZU(-n)  P(n)  +  U(n)  P(-«)],  (47) 


1  dv 


i  ue 

V(«)|*  -  -  [ V(~n )  V(n)  +  V(n)  V(~n)'] - [F(-n)ii(n)  +  V(n)  J2(~«)]  dv/dp 


~  £ 


in 


m~-x  l  a  COS  0 
#0 


1 


a  dp 

V(m)  £F(  —  n)  U(n  —  m)  —  V{n)  U(—  n  —  m)3 


4 - [T(  —  n)  {  V(m)  V{n  —  m)  cos  0}«  +  V(n)  [  V(m )  V(~  n  —  m)  cos  0j*3 

a  cos  0 

+  [F(-«)  {V(m)Q(n-m) \P  +  V(n)  {  Vim)  U  ( -  n  -  m) }  „] 

H - -  U(m)ZVi  —  n)  U(n  —  m)  4-  V{n)  U{—  n  —  «)]} 

a  1 

e  /  tan  <b  \ 

~^ZA*in)  V(~n)  +  APi-n)  K(n)]  -  (f+u  —  J  ZU(n)  V(-n)  +  U(~n)  T(«)] 

-  ZV(-n)  Q(n)  +  V(n)  Q(~n)3 .  (48) 

The  desired  equation  for  the  rate  of  change  of  the  total  kinetic  energy  of  a  given  wave  number  may  now 
be  obtained  by  using  (46)  and  integrating  over  the  entire  mass  of  the  atmosphere.  In  this  integration,  we 
neglect  the  terms  which  arise  as  a  result  of  variations  of  surface  pressure,  as  was  done  in  the  derivation  of 
(24).  Thus,  we  finally  obtain 


d 

dt 
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a  cos  0  o  a  J  J 
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w  here* 

*/,(#)  -  c F(n)  £(-«)  +  F(~n)  C(«)],  (SO) 

and 

*/„(«,  «)  *■  lF(n  —  m)  G(-n) 

+  F(- n  -  m)  G(n)'].  (51) 

As  a  special  case,  we  may  obtain  the  expression  for 
the  time  rate  of  change  of  the  kinetic  energy  of  the 
mean  flow  by  noting  that  V1  =*  K (0).  Thus,  setting 
n  —  0  in  (49)  and  using  the  continuity  equation  (43), 
we  obtain 
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r  F2 
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1  —  dm  — 

j  r 
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a  d<p  \  cos  <p 

1  dv  &u 
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tan  4>  1 

")e-rJ 

-  f  -  v  —  dm  -  f  idm. 

*/.\f  a  d$>  J jj 


dm 


(52) 


Equations  (49)  and  (52)  represent  the  transforms  of 
(25)  and  (24)  in  the  wave-number  “space.”  The  terms 
of  these  equations  may  be  interpreted  as  follows. 

The  terms  in  the  first  integral  on  the  right-hand  side 
of  (49)  depend  on  the  products  of  the  shear  of  the 
mean  flow  and  the  transport  of  momentum  by  the 
separate  scales  of  eddies.  It  seems  plausible  to  regard 
this  transport  of  momentum  by  an  individual  eddy 
scale  as  a  separate  physical  process,  which  is  distinct 
from  the  transport  of  momentum  by  other  eddy  scales 
and  distinct  from  the  physical  processes  represented 
by  quadratic  functions  of  the  spectra  apjtearing  in  the 
second  integral.  These  latter  functions  all  involve  more 
than  one  scale  of  disturbance  and  can  best  be  de¬ 
scribed  as  representing  an  “interaction"  process. 

On  this  basis,  we  may  regard  the  first  integral  as  a 
“transformation  function"  measuring  the  transfer  of 
energy  between  the  individual  scales  of  disturbances 
and  the  mean  flow  ;  and  we  may  regard  the  second 
integral,  which  vanishes  when  summed  over  all  wave 
numbers,  as  a  measure  of  the  transfer  of  energy,  due 
to  non-linear  interaction,  between  a  disturbance  of  a 
given  wave  number  xmd  disturbances  of  all  other  wave 
numbers.  Some  insight  into  the  behavior  of  these 
terms  has  recently  been  given  by  Kjortoft  (1953),  who 
demonstrated  that,  for  the  two-dimensional  non- 


*It  may  be  verified  from  (38)  that  S  <t>;„ ( n )  —  fg’.  Accord- 

«i*l 

ingly.  the  general  expression  for  the  spectrum  of  the  meridional 
transport  of  an}  phynra!  tjuaiitity  j  (e.g.,  momentum,  sensible 
heat,  water  vapor)  is  given  by  *tvr(«).  The  evaluation  of  surh 
spectra  from  hemispheric  data  will  demonstrate  the  relative  im¬ 
portance  of  the  various  scales  of  eddies  in  effecting  the  horizontal 
transport  processes  in  the  general  circulation.  Computations  of 
this  type  have  recently  been  performed  by  Van  Isacker  and  Van 
Mieghem  (1956)  and  Kubota  and  lida  (1955). 


divergent  case,  a  change  in  the  kinetic  energy  of  one 
scale  of  motion  is  accompanied  by  changes  in  the 
kinetic  energy  of  disturbances  of  both  smaller  and 
larger  sc  ale. 

With  the  use  of  the  hydrostatic  equation  (42)  and 
the  continuity  equation  (43),  we  may  write  the  third 
integral  in  the  successive  forms 
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( n ) I  dm 
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—  4>„y(» i)  dm. 
m  p 


(53) 


If  we  regard  the  process  represented  by  (53)  as  phys¬ 
ically  distinct  for  each  wave  number,  we  may,  in 
accordance  with  the  discussion  at  the  end  of  section  3, 
regard  this  integral  as  a  measure  of  the  conversion 
between  eddy  available  potential  energy  and  the  eddy 
kinetic  energy'  of  the  individual  wave  components 
which  comprise  the  flow.  In  the  following  part  of  this 
section,  the  available  potential  energy  equation  apply¬ 
ing  in  the  wave- number  domain  is  presented,  and  it 
may'  be  verified  that  (53)  appears  with  opposite  sign 
in  this  equation.  Qualitatively,  the  last  integral  of 
(53)  demonstrates  that  the  baroclinic  growth  of  a 
disturbance  of  a  given  wave  number  depends  on  the 
degree  to  which  the  variations  in  the  vertical  motion 
of  that  wave  number  are  in  phase  with  the  variations 
of  temperature. 

The  last  integral  in  each  of  (49)  and  (52)  represents 
the  frictional  dissipation  of  the  different  scales  of  dis¬ 
turbances  and  of  the  mean  flow,  respectively. 

Available  potential  energy  equation. —  Following  the 
procedures  introduced  by  Lorenz  (1955)  and  Phillips 
(1956),  we  may  use  the  first  law  of  thermodynamics 
to  derive  equations  for  the  rate  of  change  of  the  total, 
zonal  and  eddy  potential  energy  available  for  conver¬ 
sion  into  kinetic  energy.  These  equations  take  the 
following  forms,  res{x?ctivcly,  differing  only  in  minor 
resjiects  from  those  derived  by  Lorenz  (1955): 


i 

L 


-J. 


d  r  CPy - 

-  -  T*1  dm 
dt  J  m  2 

R 

—  u>T  dm  T 
Lv  P 

— -  |  dm 

at  JM  2 

R 

'  dm  + 

P 

3T 

+  ■  '  d<p 


f  y  T*h*  dm, 

J  M 


(54) 


=  f — £>  T  dm  +  f  y\f"h"} 

J  SI  p  d  St 

j;i>- 


dm 


p»  |  _  db”  |  ] 

T-j<  «'rr—  J  J  dm,  (55) 


December  19  >7 


BARRY  SALTZMAN 


and 

a 

ot 


L 


Cf,y 


r*  dm 


f  —  »T'  dm  +  C  y  T'h!  dm 
P 


t  r  CPy _ df 

-  I  --  vT  — 


J  jn  L  a 


+  y 


dd> 


wry 


ar 

ap 


}  ]<*», 


<S6) 


where  the  brackets  denote  a  cosine- weigh  ted  average 
with  respect  to  <^>,  ()-{()}  +  ()";  the  wavy  bar 
is  denned  by  (  )  =  j(  )};  the  asterisk  denotes  a  devia¬ 
tion  from  this  average,  (  )  =  T~j  +  (  )*;  n  —  R/Cp; 
6  —  potential  temperature ;  and 

y  —  —  iiR/p'+*  (dO/dp)~1. 


Applying  the  same  procedure  used  to  obtain  (49) 
from  the  equations  of  motion  to  the  thermodynamical 
energy  equation  (44),  we  may  obtain  an  equation 
describing  the  variations  of  the  separate  scales  of  eddy 
available  potential  energy.  This  equation,  which  is 
the  Fourier  transform  of  (56),  may  be  written  in  the 
following  form,  with  use  of  the  notation  defined  by 
(50)  and  (51): 
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The  integral  Sm  Cpy  ]  B  (n)  | 8  dm  is  the  spectral 
function  for  eddy  available  potential  energy. 

The  first  integral  on  the  right  measures  the  contri¬ 
bution  from  zonal  available  potential  energy  to  the 
growth  of  eddy  available  potential  energy  of  a  given 
scale.  It  may  be  seen  that  these  terms  depend  essen¬ 
tially  on  the  spectrum  of  the  eddy  transport  of 
sensible  heat. 

The  second  integral,  which  has  an  equal  and  oppo¬ 
site  counterpart  in  the  kinetic  energy  equation  (49), 
measures  the  conversion  between  eddy  available  po¬ 


tential  energy  of  a  given  wavelength  and  eddy  kinetic 
energy  of  the  same  wavelength. 

The  third  integral  measures  the  generation  of  eddy 
available  potential  energy  of  a  given  wavelength 
through  differential  heating. 

The  final  integral  represents  the  transfer  of  eddy 
available  potential  energy’  among  its  separate  scales 
due  to  the  rearrangement  of  the  temperature  field 
arising  from  the  non-linear  interaction  of  the  wind  and 
temperature  eddies. 

For  completeness,  we  may  write  down  the  trans¬ 
form  of  the  zonal  available  potential  energy  equation 
(53)  in  the  form 


+  f  -wf  dm+  f  y\T"K"\  dm.  (58) 

J  it  P  J  it 

Discussion. — The  equations  presented  in  this  section 
govern  the  behavior  of  the  finite  disturbances  which 
are  observed  in  the  atmosphere.  Through  the  measure¬ 
ment  of  the  terms  of  (49)  and  (57)  from  observational 
data,  many  aspects  of  the  cycle  of  energy  transforma¬ 
tion  involving  these  disturbances  can  be  examined 
quantitatively.  At  this  point  it  is  of  interest  to  specu¬ 
late,  on  the  basis  of  our  present  meteorological  in¬ 
telligence,  about  the  nature  of  such  a  cycle. 

In  accordance  with  the  ideas  expressed  by  Lorenz 
(1955),  the  radiational  heating  tends  to  create  a  “ zonal 
available  potential  energy”  which  is  transformed  into 
“ eddy  available  potential  energy”  largely  through  the 
horizontal  transport  of  heat  by  the  existing  eddies. 
By  means  of  the  baroclinic  processes  represented  by 
(53),  it  appears  that  cyclone-scale  disturbances  of 
intermediate  wave  numbers  (e.g.,  wave  numbers  seven 
to  ten)  grow  at  the  expense  of  this  available  potential 
energy.  It  is  known  from  studies  of  the  angular 
momentum  transport  in  the  atmosphere  [see,  for 
examples,  Kuo  (1951),  Starr  (1953),  and  Starr  and 
White  (1954)]  that  the  eddies  tend  to  transfer  their 
energy  to  the  mean  flow ;  and,  in  particular,  synoptic 
evidence  indicates  that  it  is  the  largest  eddies  located 
at  about  30  deg  lat  which  are  responsible  for  this 
transfer  of  energy  to  the  mean  flow.  This  has  been 
supported  quantitatively  by  a  case  study  by  Kao 
(1954)  and  a  more  recent  study  by  Van  Isacker  and 
Van  Mieghem  (1956).  Thus,  one  might  expect  that 
energy  is  being  fed  from  the  intermediate  wavelengths 
not  only  to  smaller  eddies  but  also  to  the  longer  wave¬ 
lengths  which  correspond  in  part  to  the  so-called 
"semi-permanent”  centers.  (It  is  recognized  that  the 
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orography  is  also  of  importance  in  maintaining  the 
stationary  long  waves.)  In  connection  with  the  intro¬ 
ductory  remarks,  the  verification  of  such  a  picture 
from  observations  would  demonstrate  that  the  large- 
scale  atmospheric  disturbances  behave  in  a  different 
manner  from  the  supposed  behavior  of  smaller-scale 
turbulence.  For  this  latter  case,  according  to  the 
currently  accepted  theory  of  Kolmogoroff  (1941),  the 
mean  flow  feeds  its  energy  stepwise  down  the  scale  of 
disturbances  until,  finally,  the  energy  is  dissipated 
by  viscosity. 

6.  Simplifications 

The  computations  required  to  evaluate  the  integrals 
in  (49)  and  (57)  from  observational  data  are  of  an 
extremely  laborious  nature,  and  it  is  only  with  the 
advent  of  high-speed  computing  facilities  that  such 
computations  have  become  practicable.  Even  with 
these  high-speed  machines,  it  is  desirable  to  make 
certain  simplifications  to  make  the  computational 
problem  more  tractable. 

Use  of  a  discrete  number  of  harmonics. — First,  it  is, 
of  course,  necessary  to  replace  the  summations  over 
infinity  by  finite  sums.  In  view  of  the  limitations  in  the 
data  coverage  over  the  hemisphere,  it  seems  desirable 
at  present  to  use  36  points  at  10  deg  long  intervals 
around  a  latitude  circle  as  the  basis  for  the  Fourier 
expansions.  In  this  case,  one  could  not  compute  more 
than  about  twelve  wave  numbers  with  accuracy.  It 
would  appear,  however,  that  enough  of  the  variance 
of  the  hemispheric  chart  would  be  captured  by  this 
limited  number  of  waves  to  make  it  feasible  to  use  this 
approximation  for  the  present  problem.  As  one  possi¬ 
bility,  one  could  assume  that  all  wave  numbers  larger 
than  twelve  act  according  to  the  Kolmogoroff  theory 
and  are  included  as  frictional  effects. 

Use  of  geostrophic  winds. — Direct  wind  observations 
for  the  hemisphere  are  not  available  in  sufficient 
quantities  to  compute  the  spectra  of  the  wind  field 
directly.  Observations  of  the  angular  momentum 
transport  [t.e.,  Mintz  (1951),  and  Widger  (1949)J 
have  already  revealed,  however,  that  horizontal  varia¬ 
tions  in  the  general  circulation  are  gross  enough  so 
that  geostrophic  winds  are  suitable  for  computations 
of  the  type  required  to  measure  the  terms  in  the  first 
two  integrals  in  (49)  except  those  involving  v.  It  is  not 
permissible  to  use  geostrophic  winds  to  evaluate  the 
third  integral  in  (49),  since  this  term  would  vanish 
identically  under  this  assumption.  When  geostrophic 
winds  are  used,  the  spectra  for  u  and  v  may  be  obtained 
from  the  spectral  function  for  the  contour  height  by 
means  of  the  relations 


U(n)  =  -  -  A.(n),  (59) 

fa 


and 


i mi 

V(n)  -  — - A  (n). 

fa  cos  $ 


(60) 


Computation  of  0  (»). — With  the  use  of  the  adiabatic 
form  of  the  thermodynamical  energy  equation,  it  is 
possible  to  obtain  an  estimate  of  l!(n)  for  the  mid- 
troposphere  which  may  be  used  in  evaluating  the 
important  baroclinic  term  (53), 

The  adiabatic  energy  equation  may  be  written  in 
the  form 


1  f  8T  1 

„  ^  .  ;  +  l,7rj,  (61) 

\  dp  Cp) 

Assuming  that  the  stability  factor, 

C  (.9T/Bp)  -  («/Cp)]  -  Kt 

can  be  assigned  some  horizontally  uniform  value,  we 
may  apply  equations  (30)  to  (34)  and  (37)  to  obtain 
the  transform 
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It  may  be  seen  that,  to  compute  Sl(n)  at  a  given 
instant  in  time,  it  is  necessary  to  evaluate  dB(n)/dt, 
or  alternately  dA„(n)/dt,  at  that  time.  This  may  be 
accomplished  by  solving  the  so-called  “thermal  vor- 
ticity”  equation  used  in  simple  baroclinic  models  of 
the  atmosphere. 

Remarks  concerning  fzictional  effects. — Most  of  the 
frictional  dissipation  takes  place  near  the  ground 
surface,  below  the  level  of  the  atmosphere  where  the 
kinetic  energy  is  primarily  located.  In  this  connection, 
it  is  pertinent  to  note  that  the  effects  measured  by  the 
terms  involving  SI  in  the  first  integral  on  the  right  side 
of  (49)  probably  act  in  the  sense  ol  true  eddy  viscosity 
(see  Kuo,  1951),  and,  as  such,  it  inay  be  possible  to 
include  them  in  the  friction  term  along  with  the  effects 
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of  the  small-scale  disturbances.  A  direct  calculation  of 
these  combined  dissipative  effects  from  observational 
data  is  extremely  difficult,  and,  therefore,  it  is  prob¬ 
ably  best  to  estimate  them  as  a  residual  of  computing 
the  other  terms  in  the  energy  equation. 
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ABSTRACT 

The  resuits  of  computations  of  the  spectrum  of  the  eddy  kinetic  energy,  the  angular  momentum  transport, 
and  the  transfer  of  kinetic  energy  between  tha  eddies  and  the  mean  motion,  lot  tire  month  of  January  1949, 
are  presented.  The  cakrulatkms  are  based  on  geostrophic  winds  measured  at  the  500-mb  level.  Of  greatest 
interest  is  the  finding  that,  for  the  month,  disturbances  of  wave-number  three  were  of  singular  importance 
as  a  source  of  the  energy  of  the  mean  zona!  motion. 


1.  Introduction 

The  achievement  of  an  “understanding"  of  the 
behavior  of  so  complicated  a  physical  system  as  the 
atmosphere  depends  to  a  large  extent  on  satisfying 
an  innate  desire  to  reduce  the  system  to  a  chain  or 
cycle  of  events  involving  smaller  parts  which  still 
retain  a  physical  identity.  The  bases  for  the  construc¬ 
tion  of  this  kind  of  sequence  are  the  so-called  conserva¬ 
tion  principles  which  express  the  fundamental  laws  in 
such  a  manner  that  they  place  constraints  on  certain 
integral  properties  of  the  system  (mass,  momentum, 
and  energy).  In  the  case  of  the  general  circulation  it 
has  been  convenient  to  consider  a  breakdown  into  the 
two  Reynolds  components,  the  eddy  and  mean  flow, 
and,  indeed,  a  knowledge  of  the  role  of  these  com¬ 
ponents  in  the  momentum  and  energy'  cycles  has 
proved  to  be  the  rallying  point  for  a  mechanistic 
description  of  the  behavior  of  the  system. 

It  is  recognized,  however,  that  the  eddy  component, 
in  itself,  is  a  very'  complicated  part  of  the  general 
circulation,  which  implies  that  a  description  of  the 
mechanism  of  the  planetary  flow  will  remain  incom¬ 
plete  as  long  as  this  eddy  component  is  not  subdivided 
into  still  smaller  parts  whose  respective  roles  in  satis¬ 
fying  the  conservation  requirements  are  determined. 
In  this  connection,  the  wave-like  character  of  the 
disturbances  in  the  atmosphere  suggests  the  use  of 
Fourier  analysis  as  a  natural  method  for  distinguishing 
between  different  “scales”  of  eddies.  From  a  mathe¬ 
matical  point  of  view  such  a  resolution  seems  par¬ 
ticularly  desirable  since  the  orthogonality  property 
of  sinusoidal  functions  permits  one  to  write  energy 
equations  for  these  separate  components  in  a  rela¬ 
tively  straightforward  manner.  A  presentation  of 
equations  of  this  tvj)e  has  been  given  by’  the  writer 
(1957).  In  order  to  obtain  a  description  of  the  "steady- 
state"  cycle  of  energy  transformation  in  this  domain 

1  This  resean  h  has  been  sponsored  by  the  Geophysics  Research 
Directorate  of  'he  Air  Force  Cambridge  Research  Center  under 
Contract  No.  AF  1 9 (604)- 1 000. 


of  wave-number  it  is  necessary  to  compute  from  a  long 
record  of  daily  observations  (at  least  of  the  order  of  a 
year)  the  integrals  which  appear  in  these  equations 
representing,  respectively,  the  transfer  of  energy 
among  the  various  scales  of  eddies  and  the  mean  flow, 
the  conversions  between  potential  and  kinetic  energy, 
the  generation  of  available  potential  energy  and  the 
frictional  dissipation  of  kinetic  energy. 

With  the  advent  of  the  modern  high-speed  com¬ 
puter  the  execution  of  such  a  computational  task  has 
come  within  the  realm  of  possibility,  although  it 
would  require  a  very'  large  effort  in  terms  of  both 
human  and  financial  resources.  It  seems  desirable, 
accordingly,  to  make  a  less  ambitious  start  by  in¬ 
vestigating  the  spectral  properties  of  those  dynami- 
cally-significant  quantities  which  are  at  present  most 
amenable  to  calculation.  To  this  end,  the  present 
paper  describes  the  results  of  computations  for  the 
31  day  period,  January  1949,  of  the  mean  kir.etic 
energy  spectra  and  momentum  transport  spectra  for 
three  latitude  circles  (27.5  deg  N,  47.5  deg  N,  and 
67.5  deg  N)  and,  of  most  interest  from  the  energetical 
point  of  view',  the  mean  spectrum  of  the  transfer  of 
energy'  between  various  scales  of  eddies  and  the  mean 
motion  due  to  horizontal  processes.  These  computa¬ 
tions  are  based  solely  on  geostrophic  winds  measured 
at  the  500  mb  level,  which  to  some  extent  are  repre¬ 
sentative  of  general  conditions  in  the  mid-troposphere. 
Thus,  no  attempt  is  made  here  to  compute  the 
transfer  of  energy  among  the  individual  wave  com¬ 
ponents  due  to  non-linear  interaction  or  to  compute 
the  conversions  between  available  potential  energy 
and  the  kinetic  energy  of  the  various  wave  com¬ 
ponents,  both  of  which  are  of  crucial  importance  in 
establishing  a  complete  energy  cycle. 

2.  Formulae 

As  a  preliminary  we  shall  present  briefly  the  mathe¬ 
matical  expressions  for  the  quantities  computed  in 
this  study. 
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Any  regularly  behaving  Junction  of  longitude, /(X), 
which  is  specified  along  a  given  latitude  <p.  and  pres¬ 
sure  surface  p,  may  be  expressed  in  terms  of  a  Fourier 
expansion  of  the  form. 


/(X)  -  Z  F<«)*‘»\  (1) 

nw—  ag 

where  the  complex  coefficients,  F(n)  are  given  by, 


F(n) 


l  r-*' 
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/(X)r-‘*xdX 
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(«  —  wave  number,  i  —  ~  1).  From  this  Fourier 

transform  pair  it  is  easy  to  demonstrate  that  for  two 
functions,  say  /(X)  and  g(X),  having  the  complex 
Fourier  coefficients  F(n)  and  G(n),  respectively,  the 
following  theorem  of  Parseval  applies: 
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The  spectral  function  for  the  transfer  of  energy 
between  the  mean  motion  and  the  eddy  motion  due  to 
the  action  of  horizontal  Reynolds  stresses  on  the 
zonal  current  is  given  (see  Saltzman,  1957)  by  the 
expression, 

M*{n)  *  {  /*{*)—(— - U+dp  (8) 

J  a  3$\acos£/ 

which  satisfies  the  relation, 


Itu 

g 


it V  cos2  $  — 

a<t> 


d<pdp 


-  Z  M't*)  (9) 

(. po  —  surface  pressure). 

fn  the  present  study  geostrophic  winds  were  used  to 
estimate  K(n),  J M(n)  and  M*(n).  at  the  500-mb  level. 
These  estimates  were  obtained  from  the  complex 
spectra  of  the  contour  height  at  this  level,  denoted  by 
A  in),  with  the  use  of  the  relationships. 


If  we  let  U(n )  and  V{n)  represent  the  complex 
spectral  functions  for  the  zonal  and  meridional  com¬ 
ponents  of  the  wind  {«  and  v,  respectively)  we  may 
use  (3)  to  write  the  following  expression  for  the 
zonally-averaged  eddy  kinetic  energy  per  unit  mass: 


where 


«'*  +  r'1 

_ 


Z  K(n), 
1 


(4) 


Kin)  -  |  i/(»)l2  +  |  F(h)|*  (5) 

is  the  spectral  function  for  the  zonally-averaged  kinetic 
energy  per  unit  mass,  j  U\  3  and  j  V\ 3  being  the  spectral 
functions  for  the  kinetic  energy  of  the  individual 
components. 

Similarly,  from  (3)  we  may  write  for  the  meridional 
eddy  transport  of  angular  momentum  across  latitude 
<j>,  per  unit  pressure  difference  per  unit  time,  the 
expression, 


where 
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is  the  spectral  function  for  the  eddy  momentum  trans¬ 
port  (a  —  radius  of  earth,  g  —  acceleration  of  gravity). 
Expressions  similar  to  (7)  have  been  presented  by 
Lorenz  (1951),  Kao  (1954),  Kubota  and  Iida  (1955) 
and  Van  Isacker  and  Van  Meighem  (1956). 


g  V 

Uin)  -  -  f  ~~Ain) 
fa  dtp 

(10) 

ing 

V(n)  --S-Ain), 
facostp 

(ID 

where  f  -  2Q  sin  4>  is  the  Coriolis  parameter. 

Harmonics  up  to  wave  number  12  were  computed, 
based  on  information  at  36  points  around  a  latitude 
circle. 

3.  Kinetic  energy  spectra 

The  means  of  the  daily  kinetic  energy  spectra  for 
January  1949,  computed  at  three  latitudes,  are  pre¬ 
sented  in  fig.  1.  It  should  be  noted  that  these  and  all 
subsequent  spectra  are  discrete  “line-spectra”  and, 
hence,  have  meaning  only  for  the  integral  values  of 
wave-number.  To  aid  visually  in  tracing  the  fluctua¬ 
tions  of  the  spectra,  however,  lines  have  been  drawn 
between  points  on  the  diagram. 

In  summary  of  this  figure  we  may  note  several 
salient  features.  Notably,  the  spectra  reveal  a  tendency 
for  the  variations  of  the  zonal  wind  around  a  latitude 
circle  to  be  of  longer  wave-length  than  the  variations 
of  the  meridional  velocity  component.  In  particular, 
wave-numbers  1  to  3  in  the  zonal  kinetic  energy  are 
dominant  at  all  three  latitudes.  The  maximum  meridi¬ 
onal  kinetic  energy  resides  in  wave-number  6  at 
27.5  deg  N,  shifting  to  a  double  maximum  at  wave- 
numbers  6  and  3  at  47.5  deg  N.  At  67.5  deg  N  the 
variations  of  meridional  kinetic  energy  are  of  lower 
wave-number,  with  maxima  at  n  =  2  and  3. 
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Table  1.  Standard  deviations  of  spectral  functicms  in  units  of  corresponding  figures  (±), 
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1.07 
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0.25 
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0.07 

0,04 
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47.5 

1.91 

1,05 

1.01 

0.54 

0.55 

0.43 

0.24 

0.11 

0.19 

0.10 

0.13 

0.09 

27.5 

1.24 

0.78 

0.75 

0.56 

0.35 

0.48 

0.44 

0.25 

0.22 

0.19 

0.15 

0.11 

67.5 

0.13 

0,95 

0.97 

0.81 
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0.24 
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0.10 

0.07 

0.03 
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0.45 
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0.85 

0.64 

1.28 
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0.35 

0.46 

0.27 

0.25 

0.14 
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0.02 

0.05 

0.18 

0.16 

0.68 

1.19 

0.70 

0.20 

0.30 

0.39 

0.20 

0.24 

67.5 

2.70 

5.32 

3.86 

2.49 

1.31 

0.85 

0.65 

0.62 

0.32 

0.26 

0.22 

0.14 

47.5 

5.36 

1L23 

18.06 

11.37 

9.53 

11.28 

6.90 

4.01 

3.96 

3.43 

2.42 

2.07 

27.5 

3.41 

4.41 

8.54 

7.46 

32.55 

16.72 

13.79 

5.81 

5.01 

7.02 

4.05 

4.73 

1.64 

2.63 

2.98 

1.14 

1.78 

2.32 

1.68 

0.81 

0.72 

1.16 

0.57 

0.44 

The  greatest  "spread”  of  energy  over  the  various 
wave  numbers  occurs  at  47,5  deg  N.  This  result  is  not 
surprising  in  view  of  the  fact  that  the  mid-latitudes 
are  the  seat  of  the  transient  cyclones  which  display 
great  variations  in  size  and  intensity  depending  on  the 
stage  of  development.  The  low  and  high  latitudes, 
on  the  other  hand,  are  generally  the  locations  of  the 
more  regular  "semi-permanent”  centers. 

In  the  zonal  kinetic  energy  spectra  there  is  a  striking 
occurrence  of  energy  in  wave-number  !  which  indicates 
that  the  zonal  current  tends  to  be  more  intense  on  one 
side  of  the  hemisphere  than  the  other.  Related  aspects 


WAVE  NUMM* 

Fig.  1.  Mean  spectra  of  the  500-mb  geostrophic  kinetic  energy 
per  unit  mass  for  the  31-dy  period,  January  1949.  Latitudes  from 
bottom  to  top  are  27.5  deg  N,  47.5  deg  N  and  67.5  deg  N.  I  VI* 
denoted  by  solid  line,  |  V\*  by  dashed  line.  K  *»  |  U\*  4-  ]  K|* 
by  dotted  line.  Corresponding  standard  deviations  are  given  in 
table  1. 


of  this  asymmetry  of  the  polar  vortex  have  been 
studied  in  detail  by  La  Seur  (1954). 

Kinetic  energy  spectra  for  the  meridional  com¬ 
ponent  of  the  wind  have  been  computed  by  other  in¬ 
vestigators  (e. g.,  Charney  (1951),  White  and  Cooley 
(1956)}.  In  particular,  White  and  Cooley  present  a 
graph  of  the  500-mb  values  of  j  V(n)  |s  for  January 
1950  at  45  deg  N  which  may  be  compared  with  the 
47.5  deg  N  values  shown  in  fig.  1.  The  general  char¬ 
acters  of  the  two  spectra  are  similar  except  that  the 
White  and  Cooley  results  for  1950  show  maxima  at 
n  =  4  and  7  whereas  the  present  1949  study  shows 
maxima  at  n  —  3  and  6.  'Ill  is  is  illustrative  of  the 
type  of  variability  which  may  be  expected  in  a  monthly 
mean  spectrum  from  one  year  to  another. 

In  order  to  measure  the  departure  of  the  daily 
spectral  distributions  from  the  mean  condition  shown 
in  the  figure,  standard  deviations  were  computed  and 
are  tabulated  in  table  1. 

4.  Momentum  transport  spectra 

In  addition  to  the  kinetic  energy,  which  depends 
on  the  square  of  the  magnitudes  of  the  individual 
wind  components,  there  is  another  important  quad¬ 
ratic  function  of  the  wind  which  depends  on  the 
cross-product  of  the  wind  components— the  momentum 
transport.  In  particular,  the  cross-product  of  u  and  v 
is  a  measure  of  the  northward  transport  of  angular 
momentum  relative  to  the  earth’s  axis,  and,  in  the 
wave-number  domain,  the  cross-spectrum,  of  u  and  t>, 
with  the  appropriate  weighting  factor  given  in  (7), 
is  the  measure  of  the  contribution  of  the  individual 
scales  of  eddies  to  this  transport  at  a  particular 
latitude. 

in  fig.  2  the  mean  of  the  daily  values  of  J u{n)  for 
January,  1949,  again  computed  at  27.5  deg  N,  47.5 
deg  N  and  67.5  deg  N,  are  presented. 

It  may  be  seen  that  the  net  transport  is  northward 
at  27.5  deg  N 
\% 

(£  J u{n)  -  35.7  X  1CF  gm  cm5  see-*  mb-1) 

1M-1 
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with  the  major  contributions  coming  from  wave 
numbers  three  and  five. 

At  47.5  deg  X  the  net  mean  transfer  of  momentum 
is  still  of  almost  the  same  magnitude,  northward 
(35.8  X  10w  gm  cm2  sec'2  mb'5),  a  figure  which  is 
probably  higher  than  normal  for  this  latitude.  Dis¬ 
turbances  of  wave-number  three  are  clearly  the  im¬ 
portant  agents  for  effecting  lids  transport. 

A  small  net  northward  transport  occurs  at  67.5 
deg  X  (0.46  X  10w  gm  cms  sec'2  mb1)  despite  a 
relatively  strong  mean  southward  transport  by  dis¬ 
turbances  of  wave-number  two. 

These  result  indicate  that,  for  the  month,  varia¬ 
tions  of  wave-number  three  in  the  zonal  and  meridional 
components  of  the  wind  tended  to  be  in  phase  over  a 
broad  latitude  band;  an  effect  which  undoubtedly 
reflects  the  existence  of  a  “tilt”  in  the  large-scale 
semipermanent  pressure  systems  (see  Starr,  1648). 
Another  probable  consequence  of  this  tilting  of  dis¬ 
turbances  of  wave-number  three  is  the  coincident 
occurrence  of  high  zonal  kinetic  energy  at  n  ~  3  and 
high  meridional  kinetic  energy  at  n  =  6  (see  fig.  1). 

The  standard  deviations  corresponding  to  the 
values  plotted  in  fig.  2  are  presented  in  table  1.  It  is 
indicated  that  the  variability  about  the  mean  is  large, 
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Fig.  2.  Mean  (January  1949)  spectra  of  the  500-mb  geostrophic 
meridional  eddy  transport  of  angular  momentum,  J  u,  across 
latitudes  27.5  deg  N,  47.5  deg  N  and  67.5  deg  N,  per  unit  pressure 
difference  and  per  unit  time.  A  positive  sign  indicates  a  north¬ 
ward  transport.  Corresponding  standard  deviations  are  given 
in  table  1 


especially  for  the  intermediate  wave  numbers.  The 
peak  mean  values  of  Ju(n)  at  n  ~  3  (27.5  deg  N  and 
47.5  deg  N)  seem  to  be  significantly  different  from 
zero  however,  whereas  the  significance  of  the  maxima 
at  n  —  5  (27.5  deg  N)  and  »  ~  2  (67.5  deg  N)  are 
in  question. 

5.  Estimate  of  the  energy  transfer  between  the  indi¬ 
vidual  eddy  scales  and  the  mean  flow 

From  (8)  it  may  be  seen  that  an  evaluation  of 
M*(n )  depends  on  computations  of  the  product  of  the 
spectrum  of  the  momentum  transport  and  the  shear  of 
the  relative  angular  velocity,  measured  throughout 
the  depth  of  the  atmosphere,  for  latitudes  ranging 
between  the  two  poles  or,  if  it  is  assumed  that  the 
hemisphere  can  be  treated  as  a  "closed”  system,  be¬ 
tween  the  equator  and  the  pole.  (Only  for  a  closed 
system  can  M*  be  taken  as  a  measure  of  the  transfer 
of  energy  between  the  eddies  and  the  mean  flow.) 

Jn  this  study,  however,  we  have  measured  the  inte¬ 
grand  of  (8)  only  at  500  mb  in  the  hope  that  the  results 
for  this  level  are  somewhat  representative  of  condi¬ 
tions  throughout  the  depth  of  the  atmosphere.  In 
addition,  due  to  inadequacies  of  data  coverage  and 
the  inapplicability  of  the  geostrophic  assumption  at 
low'  latitudes,  we  can  compute  only  the  contribution  to 
the  complete  integral  from  a  limited  latitude  band  in 
the  Northern  Hemisphere.  If  the  latitude  band  is 
sufficiently  wide,  however,  it  may  be  expected  that 
the  character  of  the  energy  transfers  implied  by  this 
measured  contribution  will  not  be  significantly  altered 
by  the  contribution  from  the  remaining  portion  of  the 
fluid.  In  the  present  case  the  integral,  M*,  is  measured 
over  a  latitude  belt  ranging  from  20  deg  N  to  75  deg  N 
(62  per  cent  of  the  surface  of  the  hemisphere),  the 
integrand  being  computed  at  every  5  deg  of  latitude. 
The  neglect  of  the  contribution  from  below  20  deg  N 
probably  leads  to  an  underestimate  of  the  overall 
transfer  of  energy  from  the  eddies  to  the  mean  flow 
for  the  hemisphere  since  both  the  shear  of  the  mean 


Fig.  3.  Mean  contribution  to  the  energy  transfer  spectrum, 
•U*»n,  from  the  region  between  20  deg  N  and  75  deg  Ni  for  the 
31  dy  period,  January  1949.  A  positive  sign  indicates  a  transfer  «.f 
kinetic  energy  from  the  disturbance  to  the  mean  motion.  Corre¬ 
sponding  standard  deviations  are  given  in  table  1. 
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flow  and  the  eddy  momentum  transport  tend  to  be 
positive,  though  of  diminished  magnitude  in  the  latter 
case,  beiow  this  latitude  (see  Starr  and  White,  1954). 
The  contribution  of  the  region  above  75  deg  N  is 
probably  of  minor  importance. 

The  results  of  the  computations  are  shown  in  fig.  3. 
This  graph  gives  the  mean  spectral  distribution  of 
Mu> o*  for  the  month  studied,  computed  with  the 
above-mentioned  restrictions.  A  positive  sign  indicates 
that  the  transfer  of  kinetic  energy  is  directed  from  the 
disturbance  to  tire  mean  motion. 

It  is  pertinent  to  note,  first,  that  the  total  transfer 
of  energy  due  to  horizontal  processes,  obtained  by 
summing  iWsao*(»)  over  all  twelve  wave-numbers  in 
accordance  with  (9),  is  in  the  positive  sense  (from  the 
eddies  to  the  mean  flow),  the  magnitude  being 
6.86  X  10*°ergs  per  second  if  this  500  mb  computation 
is  extended  to  apply  to  a  1000-mb  depth.  In  this 
respect  the  month  is  representative  of  the  condition 
which  prevails  in  the  long-time  mean  as  reported  by 
Starr  (1953). 

The  most  striking  feature  of  the  spectral  distribu¬ 
tion  is  the  prominent  role  played  by  disturbances  of 
wave-number  three  in  supporting  the  mean  motion. 
From  a  statistical  viewpoint,  it  is  significant  that 
on  only  three  days  of  the  31  -dy  period  did  disturbances 
of  this  wave-number  draw  energy  from  the  mean 
motion  (note  the  comparatively  small  standard  devia¬ 
tion  for  n  =  3  in  table  1).  This  result  is  a  consequence 
of  the  fact  that,  on  a  daily  basis,  the  momentum  which 
was  transported  in  large  quantities  by  eddies  of  wave- 
number  three  (see  section  4)  was  usually  directed  to 
those  portions  of  the  zonal  current  which  were  of 
highest  velocity. 

The  high  standard  deviations  displayed  by  wave 
number  6  and  other  intermediate  wave  numbers  {e.g., 
n  =  5-8)  reflect  the  fact  that,  during  the  month, 
disturbances  of  these  wave  numbers  were  alternately 
great  drainers  and  great  suppliers  of  the  kinetic  energy 
of  the  mean  flow.  In  this  sense,  the  intermediate  wave¬ 
lengths,  as  a  group,  showed  a  greater  capability  for 
amplification  at  the  expense  of  the  mean  motion 
than  disturbances  in  the  other  portions  of  the  spec¬ 
trum.  Aside  from  the  somewhat  erratic  behavior  of 
wave  number  2,  the  longer  and  shorter  waves  tended 
to  be  stahlc  (i.e.,  damp  their  energy  to  the  mean 
motion),  wave  numl>er  3  being  particularly  active  in 
this  regard. 


It  is  of  interest,  finally,  to  note  that  these  particular 
observations  are  in  qualitative  agreement  with  Kuo’s 
(1953)  theoretical  results  regarding  the  barotropie 
stability  properties  of  large  amplitude  disturbances. 
According  to  these  theoretical  results,  disturbances  of 
all  wave  lengths  are  generally  damped  except  under 
conditions  of  a  sharply  developed  jet-like  horizontal 
mean  profile,  in  which  case  a  disturbance  of  roughly 
intermediate  wave  length  is  most  likely  to  become  un¬ 
stable  and  amplify.  It  may  be  remarked  that  the 
results  of  the  linear  barotropie  studies  (Kuo;  1949, 
1951)  also  indicate  similar  stability  properties  for 
small  amplitude  disturbances. 
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Abstract 

(t  is  proposed  that  large-scale  quasi-permanent  flow  systems  are  maintained  against 
dissipative  effects  by  a  transfer  of  kinetic  energy  from  smaller,  cyclone-scale,  disturbances 
which  have  baroclinic  energy  sources,  the  processes  involved  being  non-linear  and  harotropic. 
To  illustrate  how  such  processes  can  operate,  an  example  is  given  based  on  an  idealized 
flow  consisting  of  a  limited  number  of  double-Fourier  components. 


I.  Introduction 

In  Fig.  1  a  500  mb  synoptic  map  for  a  region 
covering  the  North  American  Continent  and 
the  North.  Atlantic  Ocean  is  presented.  The 
most  prominent  features  of  this  map— namely, 
the  large  cyclonic  area  to  the  north  sloping 
from  northwest  to  southeast  and  the  large, 
more  diffuse,  anticydonic  area  to  the  south 
sloping  from  northeast  to  southwest— are 
typical  of  the  quasi-steady  winter  conditions 
observed  in  this  region.  The  largest  scale 
systems  shown  on  tills  map  correspond  roughly 
to  disturbances  of  wave  number  three  around 
the  hemisphere  and  are  so  oriented  that  they 
transfer  their  kmetic  energy  to  the  zonally- 
averaged  mean  current  which  has  its  maximum 
velocity  somewhere  between  the  two  main 
pressure  centers.  As  such,  these  large  systems 
constitute  a  representative  example  of  those 
disturbances  which,  in  the  winter  average,  arc 
most  effective  in  maintaining  the  mean  zonal 
current  (see  Saltzman  1957,  1958;  Saltzman 
and  Fleisher  i960). 

1  This  research  has  been  sponsored  by  the  Geophysics 
Research  Directorate  of  the  Air  Force  Cambridge  Re¬ 
search  Center  under  Contract  No.  AF  i9(6o<)-2242. 
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In  viewing  the  persistence  of  flow  patterns 
of  this  type  over  long  rime  intervals  (see,  e.g., 
monthlv  mean  maps  presented  by  Lahey,  ct 
al,  1958)  one  is  led  to  pose  the  following  ques¬ 
tion:  How  is  the  kinetic  energy  of  these  large- 
scale  systems  maintained  in  the  face  of  a  steady 
drain  of  their  energy  through  viscous  effects 
and  through  transfer  to  the  zonal  current? 
There  arc  two  possible  answers  to  this  question : 
Either  the  kinetic  energy  of  the  large  disturb¬ 
ances  is  supplied  by  a  direct  conversion  of 
potential  and  internal  energy  (i.e.,  by  risings 
of  warm  air  and  sinkings  of  cold  air  on  this 
large  scale)  or  the  kinetic  energy  is  supplied  by 
transfer  from  disturbances  of  other  scales  which 
themselves  grow  at  the  expense  of  potential 
and  internal  energy  (e.g.,  from  the  smaller 
transient  cyclone  waves  which  tend  to  develop 
in  the  baroclinic  zone  south  of  the  large  quasi¬ 
stationary  cyclonic  vortex,  such  as  the  shorter 
wave  length  disturbances  clearly  evident  in 
Fig.  1). 

If,  as  presently  indicated  in  studies  by  Reed 
and  Tank  (1956),  and  White  and  Saltzman 
(1956),  for  example,  the  indirect  circulations 
in  mid-latitudes,  whose  upward  branches  are 
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Fig.  i.  Contour  map  of  the  500  mb  pressure  surface  for  7  Jan.  1957. 


represented  by  rising  motion  in  die  large  cold 
vortices  to  the  north  and  whose  downward 
branches  are  represented  by  sinking  motion 
in  the  large  warm  highs  to  the  south,  are 
predominant  over  direct  circulations  on  this 
scale,  then  one  is  forced  to  conclude  that  the 
large-scale  features  such  as  those  shown  in  Fig. 
1  are.,  in  fact,  steadily  damped  rather  than  am¬ 
plified  by  direct  conversion  processes.  In  this 
event  the  maintenance  of  the  kinetic  energy  of 
these  features  must  rest  entirely  on  the  transfer 
processes  mentioned  above  as  the  second  alter¬ 
native.  In  any  event,  however,  it  will  be  of 
interest  to  illustrate  the  operation  of  this  transfer 
process, — by  nature,  a  non-linear  process— with 
a  simple  theoretical  case.  It  is  to  this  end  that 
the  present  discussion  is  directed. 

2.  Governing  equations 

We  assume  that  the  transfer  processes  im¬ 
portant  for  the  maintenance  of  the  large-scale 
disturbances  are,  as  in  the  case  of  the  mainte¬ 
nance  of  the  zonal  westerlies,  of  an  essentially 
horizontal  charac  ter  and  are  governed  by  the 
barotropic  vorticity  equation.  For  simplicity, 
we  shall  apply  this  equation  to  a  plane  rather 
than  a  spherical  surface,  in  which  case  the  equa¬ 
tion  takes  the  form 


dtp  d 
dx  dy 


dtp  d 


dtp 


+  (!) 


dy  dx 


where  x  and  y  are  Cartesian  coordinates  point¬ 
ing  eastward  and  northward  respectively,  t  is 
time,  tp  is  a  stream  function  proportion^  to 
the  contour  height  of  a  pressure  surface, 
d^jdx1  +  d2!Jy7,  and  ft  is  the  derivative 
with  tespect  to  y  of  the  Coriolis  parameter. 
Following  procedures  similar  to  those  em¬ 
ployed  by  fCAMPii  de  Feriet  (1948),  Gambo,  et  al 
(1955),  Wippbrmann  (1956)  and  Lorenz  (1957), 
we  express  tp  over  a  fundamental  region  whose 
dimensions  in  .v  and  y  are  K  and  L,  respectively, 
in  terms  of  a  double  Fourier  expansion  of  the 
form 

ip(x,  y,  t)  =  I'  L  W(mt  n,  f)  *  *•»),  (2) 

m  “  -  OO  n  -*  -  00 

where  k  =  uijK,  1  =  201 IL,  m  and  n  denote 
the  wave  number  in  the  x  and  y  directions 
respectively,  and  die  complex  Fourier  coef¬ 
ficients,  ^P{m,  n,  (),  are  given  by  the  relation 

^(w,  n,  t )  = 

1  K  L 

=  Vrj  f  f  tp(x,  y,t)e~  i<imx  *  ‘"ddxdy  (3  ) 

at+a  0  Q 

To  simplify  the  boundary  conditions  we  take 
tp  to  be  periodic  of  wave  lengths  K  and  L  in  x 
and  y,  respectively. 

By  multiplying  both  sides  of  (1)  by  (KL)~X 
exp  (—  i(kmx+  iny)},  integrating  over  the  funda¬ 
mental  region,  and  applying  (3)  we  obtain  the 
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transformed  vorticity  equation  governing  the 
Fourier  coefficients  of  the  stream  function.  This 
equation  has  the  form 


d  6Q  QQ 

j  K(mt  w)  —  kl  £  £  (p*k* + (mq~  np) 

ut  JJ-  -o©  -  CO 

-p,n-q)- 

-  W{m,  n)  ¥{p,  q)  W(~  m-p,-n~q) j  (8) 


k!  00  60 

[(m^  -  np)  {pzk2  ■+  <flz)  W(p,  q)  W{m  ~p,  n~q)) 

W 

The  total  kinetic  energy  integrated  over  the 
fundamental  region 

o  o 

may  be  expanded  in  terms  of  a  Fourier  spec¬ 
trum  of  the  form 


_  OO  OO  y 

E  =  £  £  - K(m,  n) 

m »  -  00  it-  -00  ^ 


(«) 


OO 
£ 
n  “  I 


£K(o,n)  + 


-  £ 

l 


|fC(w,  0)  + 

£  [fC(w,  n)  +  K(m,  -  n)]l 
n- 1  J 


(7) 


where  K(m,  n)- (kims+  /*»*))  !P(m,  The 
first  term  on  the  right  of  (7)  gives  the  kinetic 
energy  of  the  mean  zonal  wind,  while  the  term 
in  curled  brackets  represents  the  spectral  func¬ 
tion  for  the  mean  disturbance  kinetic  energy 
superimposed  on  the  mean  zonal  field.  For 
the  purpose  of  this  study  we  are  interested  in 
obtaining  an  equation  for  the  rate  of  change  of 
kinetic  energy  of  a  given  double  Fourier  com¬ 
ponent  as  a  function  of  the  transfer  of  kinetic 
energy  to  or  from  the  other  double  Fourier 
components  which  comprise  the  complete 
stream  field.  Such  an  equation  is  obtained  by 
multiplying  both  sides  of  (4)  by 
and  using  the  fact  that  *F(~-  a,  —  b)  is  the 
complex  conjugate  of  W[a,  b).  Thus  we  find, 
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By  means  of  this  last  relation  wc  are  now 
able  to  calculate  the  instantaneous  barotropic  en¬ 
ergy  transfers  due  to  the  non-linear  interactions 
among  the  Fourier  components  which  com¬ 
prise  a  field  of  flow  in  the  fundamental  region. 
It  may  be  verified  from  (6)  and  (8)  that  the 
total  kinetic  energy  is  conserved  (i.e.,  dEjit = o), 
as  is  implicit  in  the  barotropic  system  treated. 

3.  An  example 

In  this  section  we  shall  discuss  the  energetical 
properties  of  a  simple  flow  system  having  the 
general  features  of  the  actual  case  shown  in 
Fig.  1.  This  flow  system  will  be  composed  of 
a  few  selected  double  Fourier  components, 
grouped  to  represent,  respectively,  the  mean 
zonal  current,  the  long-wave  disturbance,  and 
the  smaller-scale  disturbance.  We  shall  see  that 
in  such  a  system  kinetic  energy  is  transferred 
from  the  small-scale  disturbance  (which  may 
be  viewed  as  baroclinically-gcnerated}  to  the 
long-wave  component  and,  simultaneously, 
from  the  long-wave  component  to  the  mean 
zonal  current. 

For  this  example  we  take  the  fundamental 
region  to  be  a  square  so  that  l—  k.  The  stream 
function,  ip,  is  taken  to  be  of  the  form 

rp{x,  y,  t)  -  Z(y,  t)  +  L{x,  y,  t)  +  S(x,  y,  t)  (9) 
where 

Z(y,  f)=  ri(t)  sin  ley  (10) 

represents  the  zonal  current  (wave  number 
zero  in  x), 

L(x,  y,  t )  =  B(/)[  cos  k  (x  +  y)  + 

+  cosk(x — y)]  +  C(t)smkx  (n) 

represents  the  long-wave  component  (wave 
number  one  in  x),  and 

S(x,  y,  t)  »  D(t )  cos  k(zx  —  y)  + 

+  E(t)  cos  3kx  (12) 
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represents  the  short-wave  component  (a  com¬ 
bination  of  wave  numbers  two  and  three  in  x). 
HeieA**2lmW(o,  i),  J5=  2 Re  *E(i,  1}  =  iReW 
•  (i,  -  I ),  C  -  2 Im  0),  D  -  2l?e  \P (2,  -  1 ) 

and  E  =■■  2 Re  ^{3, 0).  The  dynamical  properties 
of  a  system  consisting  of  Z  and  L  alone  has 
already  been  studied  in  some  detail  by  Lorenz 
(1957)- 

The  components  Z,  L,  and  S  are  shown  in 
igures  2,  3,  and  4  with  the  following  values 
of  the  Fourier  coefficients: 

A  =  +  3.00 
B  =  -  0.75 

G  —  —  1-50  (13) 

D  =  +  1.00 
E  *»  +  1. 00 


Fig  2.  Stream  function  pattern,  Z.  representing  the 
zonal  motion:  Z[y)  »  3.00  sin  ky. 


Fig.  3.  Stream  function  pattern,  L,  representing  the 
large-scale  disturbances:  L(x,  y)  --  — ,75  [cos  k  (x  +  y) 
+  cos  k  (x  —  y)]  —  1.  jo  sin  kx. 


Fig.  4.  Stream  function  pattern,  S,  representing  the  small- 
scale  disturbances:  S(xf  y)  —  cos  k  {2  x  —  y)  +  cos  3  kx. 

In  Fig.  5  the  sum  of  Z  and  L,  representing  a 
composite  of  the  largest  scales  of  motion,  is 


Fig.  j.  Composite  stream  function  pattern,  (Z  +  L ), 
representing  the  largest  scales  of  flow. 

shown.  In  Fig.  6  the  complete  stream  field, 
(Z  +  L  +  S),  obtained  by  superimposing  the 
small-scale  disturbance  field,  S,  on  (Z  +  L),  is 
shown.  This  stream  field  has  many  of  the 
characteristics  of  the  actual  case  shown  in  Fig. 
r,  the  most  obvious  differences  being  the  inten¬ 
sity  of  the  large  high  pressure  region  and  the 
strength  of  the  easterlies. 

The  kinetic  energy  in  each  of  these  compo¬ 
nents  is 

'  ■  Ez~  .2$  k*A*  (14) 

El  -  .25  fes( 4B3  +  C*)  (15) 

Trllu*  XI  (1959).  4 
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Fig.  6.  Composite  stream  function  pattern,  (Z  +  L  +  S), 
representing  the  complete  field  of  flow. 

Es  =  .25fe»{5L>*+9£»)  (16) 

and,  giventhe  values  listed  jn  (13),  Ez  = 
~  2.2s  El  «*  1.14  k\  and  Es  =  3.50  fe*. 

By  applying  (8)  wc  obtain  the  following 
expressions  for  the  rate  of  change  of  Ez,  El 
and  Es- 

j(Ez=Tiz  (17) 

-Tlz+Tsl  (18) 

jEs--TSl  (19) 

where 

Tlz  *=  .50  k*ABC  ( 20 ) 

measures  the  transfer  of  kinetic  energy  between 
the  long  wave  and  the  mean  zonal  motion 
(i.c.,  between  L  and  Z),  and 

Tsl  =  -  3-00  k*BDE  (21) 

measures  the  transfer  between  the  short  and 
long  waves  (i.e.,  between  S  and  L).  For  this 
system  there  can  be  no  kinetic  energy  exchange 
between  the  short  waves  and  the  mean  flow, 
(i.e.,  Tsz—  0).  With  the  numbers  given  in 
(13)  these  energy  transfer  functions  nave  the 
values  Tlz- +  1.70k*  and  Tsl— +  2.24k*, 
implying  an  instantaneous  kinetic  energy  flow 
simultaneously  from  the  smallest  scale  com- 
Tellji  XI  (1939).  4 


Fig.  7.  Kinetic  energy  flow  diagram  for  the  example 
treated.  Numbers  within  circles  indicate  the  instantaneous 
rate  of  energy  loss  or  gain  due  to  the  barotropic  transfer. 


ponent,  S,  to  the  larger  scale  component  L, 
and  to  a  lesser  degree,  from  the  component  L 
to  the  mean  zonal  component  Z  (sec  Fig.  7). 
If  we  take  K=io®cm  (corresponding  to  the 
dimensions  of  a  comparable  region  of  the 
atmosphere)  and  let  the  units  of  y>  be  to11 
cm*/sec  (corresponding  to  a  maximum  mean 
zonal  westerly  velocity  of  19  m/sec  at  y  =*  Kjz), 
the  energy  transfers  are  of  sufficient  strength 
to  regenerate  the  existing  kinetic  energy  of  L 
in  six  days  and  that  of  Z  in  four  days.  These 
figures  are  of  the  order  required  by  estimates 
of  atmospheric  frictional  dissipation.  Thus  we 
have  constructed  one  example  in  which  the 
energy  of  the  larger  synoptic  features  is  being 
maintained  against  dissipative  effects  by  a 
transfer  of  energy  from  the  smaller  scale 
features.  The  latter  may  be  presumed  to  grow 
baroclinically  and  hence  have  an  independent 
energy  source. 

It  will  be  recalled  (sec  eq.  12)  that  S(x,  y) 
consists  of  two  double-Fourier  components, 
one  of  wave  numbers  (2,  -  1)  and  the  other  of 
wave  numbers  (3,0).  In  agreement  with  the 
results  of  Fjortoft  (1953),  the  loss  of  energy 
by  the  component,  (2,  -  1),  is  balanced  by  a 
small  gain  of  energy  by  the  shortest  wave¬ 
length  component,  (3,0),  and  a  larger  gain  of 
energy  by  the  long-wave  component,  L(x,  y), 
the  net  effect  being  the  transfer  from  S  to  L 
described  above.  It  may  be  remarked,  also, 
that  kinetic  energy  of  disturbances  of  higher 
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•wave  numbers  than  are  included  initially  in 
our  example  would  tend  to  be  generated  as 
second-crier  effects.  Since  we  have  been  con¬ 
cerned  here  with  the  problem  of  the  main¬ 
tenance  of  quasi-steadv  features  we  have  re¬ 
stricted  attention  only  to  the  first  order  trans¬ 
fers.  !£  potential  energy  conversions  are  not 
adequate  to  maintain  the  large-scale  disturb¬ 
ances  directly,  these  first-order  transfers  must, 
in  the  long-time  average,  be  predominantly 
of  the  sign  illustrated  here.  On  specific  days, 
however,  first-order  energy  transfers  of  oppo¬ 
site  sign  (i.c.,  transfers  from  the  larger  to 
smaller  scale  components)  may  also  occur  and 
perhaps  arc  of  great  actual  importance  in  die 
sudden  deepening  of  individual  intermediate- 
scale  waves  observed  on  weather  charts.  An 
example  of  this  reverse  transfer  may  be  obtain¬ 
ed  simply  by  changing  the  sign  of  either  £, 
D  or  E.  Clearly,  many  other  examples  illus¬ 
trating  transfers  in  cither  direction  may  be 
constructed  using  different  Fourier  compo¬ 
nents.  It  has  been  our  purpose  here  to  demon¬ 
strate  at  least  one  case  which  has  the  energetical 
properties  mentioned  in  the  introductory  dis¬ 
cussion,  and,  at  the  same  time,  is  somewhat 
realistic  in  its  correspondence  with  observed 
phenomena. 

In  connection  with  the  above  remarks  it  is 
pertinent  to  note  diar  for  our  case  the  sign  of 
the  kinetic  energy  transfer  between  S  and  L, 
or  between  S  and  (L  +  Z),  is  independent  of 
the  phase  of  the  small-scale  disturbances  along 
the  diagonal  from  northwest  to  southeast  in 
Fig.  4.  Thus  the  small-scale  disturbances  will 
continue  to  feed  energy  into  the  larger  features 
at  the  same  rate  even  if  the  highs  and  lows  in 
Fig.  4  were  interchanged,  as  might  result  from 
the  motions  of  the  small  systems  relative  to 
the  larger  ones. 


4.  Farther  remarks 

a)  The  view  concerning  die  role  of  the  smaller 
scale  disturbances  expressed  here  undoubtedly 
has  certain  connections  with  the  experience  of 
synoptic  forecasters  who  regard  the  large 
features,  particularly  the  large  cold  vonex  to 
the  north,  as  a  sort  of  ‘graveyard’  for  the 
smaller  scale  disturbances.  The  process  of  en¬ 
ergy  transfer  from  the  smaller  to  larger  waves 
is  probably  related  to  the  familiar  ‘occlusion’ 
process. 

b)  According  to  this  discussion,  the  large 
scale  features  of  the  mean  pressure  map  (i.e., 
of  the  average  of  the  ensemble  of  many  maps 
of  the  type  shown  in  Fig.  1)  are  decisively 
influenced  by  transient  smaller  scale  phenom¬ 
ena  which  are  entirely  absent  from  mean  maps. 
If  this  view  is  correct,  it  is  suggested  diat  a 
linear,  steady-state,  theory  will  not  be  com¬ 
pletely  adequate  in  explaining  the  large-scale 
mean  features.  It  would  appear  that  a  primary 
influence  of  land-sea  thermal  differences  is  to 
create  favored  areas  for  the  baroclinic  devel¬ 
opment  of  small-scale  disturbances  which,  in 
turn,  damp  by  non-linear  barotropic  processes, 
to  maintain  the  larger  systems.  The  discussion 
by  Sutcliffe  (1951)  is  of  pertinence  in  this 
connection. 

c)  Computations  from  actual  atmospheric 
data  of  the  energy  transfers  occurring  in  the 
wave  number  domain  can  be  performed  feas¬ 
ibly  with  the  use  of  the  high  speed  computer. 
Such  computations,  based  on  equations  pre¬ 
sented  by  the  writer  (1957),  are  now  under 
way  at  M.I.T. 
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Abstract 

The  potential  to  kinetic  energy  conversion  procea  in  the  lower  stratosphere  associated 
with  the  vertical  exchange  of  warm  and  cold  air  is  evaluated  using  adiabatically  derived 
vertical  velocities  for  the  North  American  region  for  a  five-day  period-  Preliminary  results 
suggest  the  possibility  that  on  the  average  the  kinetic  energy  of  stratospheric  motions  may 
not  result  from  a  conversion  of  potential  energy  within  the  stratosphere  by  this  process. 
The  further  implication  is  that  stratospheric  motions  are  maintained  by  the  motions  in  the 
adjacent  layets  of  the  atmosphere. 


I.  Introduction 

A  fundamental  question  about  stratospheric 
motions  refers  to  the  manner  of  the  maintenance 
of  their  kinetic  energy.  It  seems  clear  that  the 
kinetic  energy  of  the  motions  of  the  troposphere 
is  maintained  by  the  conversion  from  available 
potential  energy  as  described  and  verified  by 
many  investigators,  most  recently  by  Lorenz 
(1955)  and  White  and  Saltzman  (1956),  and 
that  this  process  is  associated  with  the  rising 
of  warm  and  sinking  of  cold  air.  On  the  other 
hand,  it  has  not  been  established  that  a  similar 
process  operates  in  the  stratosphere.  This 
preliminary  study  represents  an  attempt  to 
evaluate  from  observations  the  nature  or  this 
potential  to  kinetic  conversion  process  in  the 
stratosphere. 

a.  Procedure 

Following  White  and  Saltzman  (1956)  we 
may  write  the  equations  expressing  the  time 

1  Present  addre»:  The  Travelers  Insuracce  Company, 
Hartford,  Conn. 
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rate  of  change  of  the  kinetic  energy  of  the  hori¬ 
zontal  wind  and  the  total  potential  and  interna! 
energy  of  the  entire  mass  of  the  atmosphere  as 
follows: 


—J'kdm  -  J'coxdm  -  J Ddm  (i) 

it  M  M 

fw*dm  +  (a) 


where  dm  is  the  element  of  mass  and  the  inte¬ 
gration  is  carried  out  over  the  entire  mass  of 
the  atmosphere,  k  is  the  kinetic  energy  of  the 

horizontal  wind,  <u  =■  is  the  individual  time 

dt 

rate  of  change  of  pressure,  a  is  the  specific 
volume,  D  is  the  rate  of  frictional  dissi¬ 
pation  of  kinetic  energy,  <P  is  the  geopotential, 

I  is  the  internal  energy,  and  ^  is  the  net  rate  of 

heat  addition.  The  appearance  of  the  integral 
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JiMxdm  with  opposite  signs  ia  both  equations 

represents  the  process  of  potential  to  kinetic 
energy  conversion  in  the  atmosphere  which  is 
familiarly  associated  with  the  vertical  exchange 
of  warm  and  cold  air. 

The  critical  problem  in  evaluating  this  inte¬ 
gral  Iks  in  the  determination  of  u>  which  is 
closely  related  to  die  field  of  vertical  velocity, 
in  this  investigation  ta  was  evaluated  by  die 
adiabatic  telirioa 

£I+v.vr 

Pi 

tt>m  PT  <x  (3) 

dp  ~  h 


where  T  is  the  temperature,  v  is  the  horizontal 
wind  vector  on  an  isobaric  surface,  and  C,  is 
the  specific  heat  at  constant  pressure. 

The  finite  difference  form  of  equation  (j) 
was  evaluated  from  constant  pressure  charts  ac 
200,  too,  50  and  2$  mb  over  the  region  of 
North  America  extending  from  30°  to  6o°N 
and  from  70"  to  ixo°W.  These  charts  had  been 
carefully  analyzed  for  other  purposes  by  Mr. 
S.  Mueru.fr  of  the  Atmospheric  Circulations 
Laboratory,  Air  Force  Cambridge  Research 
Center,  and  kindly  provided  us  by  I>.  W. 
Hering  and  Mr.  S.  Munich  for  this  inve.  5 .  ion. 
The  available  data  consisted  of  seven  200, 100, 
and  30  mb  and  six  23  mb  charts  covering  die 
period  28  January  to  3  February,  1957,  a  penod 
of  intense  stratospheric  warming  as  desdbed  by 
Craig  and  Hering  (1939).  The  wind  velocities 
were  evaluated  gcostrophtcally  and  the  tempera¬ 
tures  hydrostatically.  Contour  height  values 
were  abstracted  at  a  grid  system  of  273  points 
spaced  2.3  degrees  apart  and  the  <u\s  were  ob¬ 
tained  at  a  grid  system  of  60  points  spaced  3 
degrees  apart.  The  time  derivatives  were  ap¬ 
proximated  by  finite  differences  over  24  hour 
intervals.  The  computation  yielded  fields  of  the 
24-hour  average  values  of  ai  and  a.  for  the  layers 
200 — so  mb  and  100 — 25  mb  which  were  taken 
to  be  representative  of  these  fields  at  the  1 00  and 
50  mb  levels. 

Using  the  values  of  to  and  a  thus  derived  it 
was  possible  to  sample  the  integrand  for  this 
region  of  die  hemisphere  for  the  short  period  of 
time  as  indicated,  and  for  the  layers  of  die 
atmosphere  at  approximately  the  height  of  the 
too  and  30  mb  levels.  Average  values  of  the 
integrand  cua  over  space  and  time  were  compu¬ 


ted  and  an  analysis  of  the  covariance  of  tux  was 
performed  in  a  manner  entirely  analogous  to 
that  of  White  and  Saitzman  (1936).  Following 
their  procedure  we  may  write: 

{fail]'}  -  TMl  PI-  m 

+{K«D'+(Rrlwr  (4} 

where  the  single,  double  and  triple  primes  de¬ 
note  deviations  from  east- west,  nonh-south,  and 
time  averages  respectively,  the  brackets  indicate 
an  average  in  the  east- west  direction,  the  braces 
an  average  in  the  north-south  direction  and  the 
bars  an  average  in  time. 

The  left  side  of  equation  (4)  is  a  more  repre¬ 
sentative  measure  of  the  integrand  average  than 
the  term  {[tun]}  alone,  since  the  second  term  on 
the  left  side  must  vanish  when  the  average  is 
taken  over  the  entire  hemisphere  and  will  give 
rise  to  spurious  non-zero  values  if  not  subtracted 
out  because  of  the  limited  area  treated.  The  first 
term  on  the  right  is  a  measure  of  the  conversion 
process  due  to  overturning*  in  the  north-south 
direction,  the  second  is  a  measure  of  the  process 
due  to  overturning*  in  the  east-west  direction. 
The  last  term  is  associated  with  temporal  pul¬ 
sations  of  the  space  average  values  of  <0  and  oc. 

3.  Results 

The  values  of  <0  obtained  are  reasonable. 
When  transformed  by  means  of  the  hydrostatic 
equation  to  equivalait  vertical  velocities,  the 
standard  deviation  is  0.86  cm  sec1  at  100  mb 
and  1. 3J  cm  sec-1  at  30  mb.  A  typical  example 
of  the  distribution  of  the  vertical  velocity  in 
relation  to  the  temperature  and  contour  height 
fields  at  50  mb  is  shown  in  Fig.  1  for  29  Janu¬ 
ary,  I9S7- 

The  numerical  values  of  the  potential  to  ki¬ 
netic  energy  conversion  processes  are  shown  ia 
Table  1. 

Ttbk  z.  Tba  reta  of  coovmioB  Uiwmo  poten¬ 
tial  tod  kinetic  energy-  A  ailnot  ti|S  indicate*  e 
conversion  from  potential  to  kinetic  energy.  Unite 
in  ttft  |mi‘  aec"1. 


*  1  » 

s  t 

— !WHW! 

u«n«n 

{MV"  {[«]}"' 

50  mb)  7-5 

— -  o.i 

7-5 

0.1 

too  mbj —  0  5 

—  o-3 

—  0.4 

0-2 
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Fig.  t.  The  vertical  velocity*  temperature,  and  contour  height  duiribudoa  at  50  mb  for  January  29,  J957*  03 

GMT.  Vertical  velocity  unit*  in  cm  tec-1. 


The  first  column  of  Table  i  indicates  that  at 
50  mb  the  conversion  process  is  opposite  to  that 
found  in  che  troposphere  being  from  kinetic  to 
potential  energy  in  this  region  of  the  stratos¬ 
phere.  The  sense  of  this  conversion  process  was 
the  same  on  each  of  the  four  individual  days 
examined.  At  too  mb  the  magnitude  of  the 
conversion  term  is  not  essentially  different  from 
zero  and  the  six  individual  daily  values  on  which 
the  mean  is  based  vary  in  sign. 

A  more  detailed  analysis  of  this  conversion 
process  is  given  in  columns  2,  3,  and  4  of  table 
i.  At  50  mb  the  principal  contribution  to  the 
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conversion  process  is  associated  with  over- 
turnings  in  the  cast-west  direction  as  indicated 
in  column  3.  The  contributions  of  the  other 
two  terms  in  columns  2  and  4  are  negligible. 
At  100  mb  the  conversion  rates  associated  with 
each  of  che  individual  terms  arc  small. 

Since  the  100  mb  data  are  representative  of 
the  layer  between  200  and  50  mb,  this  layer  will 
be  wholly  contained  in  the  stratosphere  only 
at  high  latitudes  and  will  be  partially  -within 
the  troposphere  at  low  latitudes.  It  should  be 
possible  upon  examination  of  the  latitudinal 
variation  of  the  term  [cnV]  to  detect  whether 
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Fig.  2.  The  latitudinal  variation  of  the  potential  to  kinetic 
energy  conversion  process  due  to  east-west  overturning* 
in  unit*  of  ergs  gm_1  setr-1.  Abo  shown  is  the  latitudinal 
variation  of  the  mean  tropopause  height  as  a  function  of 
pressure. 

there  is  any  systematic  difference  in  the  sense  of 
the  conversion  process  as  one  proceeds  from 
troposphere  to  stratosphere.  The  latitudinal 
variation  of  this  term  at  both  loo  and  jo  mb 
together  with  a  plot  of  the  mean  tropopausc 
height  is  shown  in  Kg.  2. 

It  can  be  seen  that  the  sign  of  the  conversion 
process  changes  at  approximately  that  latitude 
(43°N)  where  the  mean  tropopausc  crosses  the 
loo  mb  level,  being  from  kinetic  to  potential 
to  the  north  and  from  potential  to  kinetic  to  the 
south  of  this  latitude.  This  observational  feature 
agrees  with  the  concept  of  a  reversal  of  the 
potential  to  kinetic  energy  conversion  process 
from  troposphere  to  stratosphere.. 

If  these  observational  findings  are  further 
substantiated  by  more  extensive  investigations 


on  a  hemispherical  basis  and  over  longer  periods 
of  time  then  the  implications  seem  far-reaching, 
if  the  kinetic  energy  of  the  stratospheric  mo¬ 
tions  is  not  maintained  by  conversion  from 
potential  energy  within  the  stratosphere  by  the 
processes  associated  with  the  vertical  exchange 
of  warm  and  cold  air  then  it  must  be  main¬ 
tained  by  boundary  interactions  with  the  adja¬ 
cent  layers  above  and  below.  Such  processes 
involve  the  vertical  transport  of  existing  kinetic 
energy  through  the  top  and  bottom  boundaries 
of  the  layer  as  pointed  out  by  Stars  (1959) 
and  other  boundary  processes  associated  with 
variations  in  the  height  of  the  bounding 
pressure  surfaces.  Should  general  verification 
of  these  concepts  be  obtained,  one  possible 
implication  would  be  that  stratospheric  motions 
must  to  a  large  extent  vary  in  response  to 
tropospheric  changes,  and  that  the  explanation 
for  many  observed  characteristics  of  the  stratos¬ 
phere,  such  as  the  size  and  motion  of  circulation 
systems  and  the  seasonal  and  latitudinal  distri¬ 
bution  of  ozone,  may  very  well  lie  in  a  better 
understanding  of  the  linkages  between  the 
stratosphere  and  troposphere. 

4.  Critical  Remarks 

As  in  all  such  limited  investigations  care  must 
be  exercised  in  generalization  before  confir¬ 
mation  on  the  basis  of  more  extensive  data. 
This  particular  study  suffers  from  the  following 
deficiencies ; 

a.  The  results  are  based  on  a  sample  of  data 
from  a  small  area  of  the  hemisphere  and  for 
a  very  short  period  of  time. 

b.  The  period  of  time  studied  was  one  of  ab¬ 
normal  high  level  temperature  changes,  and 
the  results  may  not  be  typical  of  more  nor¬ 
mal  conditions. 

c.  The  vertical  velocity  computations  on  which 
the  results  fundamentally  depend  arc  based 
upon  the  adiabatic  assumption. 
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During  the  past  few  years  it  has  become 
increasingly  clear  that  the  newer  outlook  upon 
the  fundamental  processes  of  the  general  circu¬ 
lation  continues  to  flourish  and  prosper.  It 
bids  fair  to  become  the  essential  starting  point 
for  all  rational  discussion  of  the  large  motions 
of  the  atmosphere,  as  indeed  it  must  if  its 
principal  ideas  arc  correct.  This  stage  has  been 
reached  not  without  much  debate  about  logi¬ 
cal  matters,  much  effort  to  reinstate  older 
schemes  through  secondary  adjustments,  and 
much  examination  of  evidence.  Also,  any 
number  of  theoretical  solutions,  most  of  which 
lend  support  to  die  new  views,  have  been 

advanced  to  illustrate  die  workings  of  the 
general  circulation. 

It  likewise  is  worth  our  while  to  note  that 
the  trends  of  thought  which  have  led  us  to 
what  seems  a  more  just  view  of  this  large 
subject  do  not  find  dieir  entire  application 
here,  but  have  shown  relevance  also  for  smaller 
structures  present  in  synoptic  flow  patterns. 
Here  again  consideration  of  the  flow  of  mo¬ 
mentum  and  the  associated  transfer  of  kinetic 
energy  from  one  scale  of  motion  to  another 
seems  to  be  a  primary  concept  in  the  rational 
investigation  of  the  behavior  of  synoptic 
systems.  This  is  shown  in  a  recent  paper  by 
Saitzman  (1959).  Another  recent  paper  by 


1  This  tcscin.h  has  been  supported  by  the  Geophysics 
Research  Directorate,  Air  Force  Cambridge  Research 
Center,  Air  Research  and  Development  Command, 
under  Contract  AF  19  (604) — 2242. 
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Kuo  (1959)  purports  to  show  that,  just  as  is 
the  case  for  the  circumpolar  vortex,  certain 
other  large  circulation  systems  may  not  release 
convectivcly  their  solenoidal  energy.  They 
presumably  can  be  maintained  in  the  atmos¬ 
phere  only  dirough  the  action  of  still  smaller 
eddies  which  do  have  associated  baroclinic 
releases  of  energy  in  them.  A  general  inter¬ 
pretation  of  all  these  developments  has  been 
given  by  Starr  (1959). 

Let  us  return  to  the  larger  problem,  however. 
The  writer  (Starr,  1948)  has  long  ago  pointed 
out  that  the  processes  of  gathering  statistics 
concerning  the  new  view  of  the  general  circula¬ 
tion  would  require  much  time  and  effort.  We 
are  still  thus  occupied,  but  since  die  results 
are  quite  gratifying,  these  labors  arc  not  so 
much  of  a  burden  as  one  might  suppose 
judging  merely  from  the  amount  of  time  and 
drudgery  which  is  entailed.  On  die  odicr 
hand,  such  work  must  be  done,  if  wc  arc  to 
build  solidly,  because  no  odicr  source  of  in¬ 
formation  can  be  equivalent  to  it  (see  Starr 
1958  in  this  regard). 

One  activity  which  has  its  aim  in  dns 
general  dircctior  is  the  work  of  Saitzman 
(1957,  1958).  This  consists  of  a  plan  to  study 
the  transfers  of  kinetic  energy  from  the 
eddies  to  the  mean  zonal  motions  bv  use  of 
the  technique  of  spectral  analysis,  in  order  to 
examine  the  role  played  in  this  action  by 
eddies  corresponding  to  various  wave  num¬ 
bers  around  die  hemisphere.  In  addition, 
the  process  of  convective  kinetic  energy  release 
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through  vertical  motions  may  also  be  brought 
within  the  ambit  of  the  scheme.  Aside  from 
the  partial  results  already  presented  earlier, 
new  findings  in  this  area,  obtained  from  the 
analysis  of  a  complete  year  of  geostrophic 
data  arc  now  being  reported  by  Saltzman  and 
Fleisher  (1959).  Still  more  extensive  results 
arc  expected  at  a  later  date. 

Since  they  serve  as  an  interesting  comparison 
to  the  Saltzman  and  Flcishcr  statistics,  the 
writer  wishes  to  make  available  the  outcome 
of  computations  from  actual  wind  data  for  an 
additional  year,  similar  in  an  over-all  fashion 
to  those  published  several  years  ago  (Starr, 
1953)  for  the  year  1950.  The  new  bindings  arc 
for  the  calendar  year  1951 — the  same  period 
as  was  used  by  Saltzman  and  Fleisher. 

The  t9jo  study  concerned  itself  with  the 
evaluation  of  an  integral  over  the  atmosphere 
in  the  northern  hemisphere  of  the  form 

2m'f  f0  [«V]  coz'4^  itfz  (0 

11,  v  being  the  eastward  and  northward  wind 
components,  q  density,  r  earth’s  radius,  <J>  lati¬ 
tude,  z  elevation,  the  square  brackets  denoting 
averages  along  complete  latitude  circles,  and 
the  primes  indicating  deviations  from  such 
averages.  Since  the  integrand  contains,  in 
proper  form,  the  product  of  the  eddy  stress 
into  the  meridional  shear  of  angular  velocity 
of  the  mean  flow,  (1)  gives  the  instantaneous 
rate  of  conversion  of  eddy  kinetic  energy 
into  mean  flow  kinetic  energy  through  tne 
action  of  the  horizontal  wind.  In  almost  all 
details  the  procedures  used  for  the  195 1  study 
arc  a  duplication  of  those  for  the  1950  study 
(to  which  the  reader  is  referred).  The  chief 
differences  arc  due  to  the  somewhat  better 
quality  and  quantity  of  the  195'  data,  so  that 
it  seemed  desirable  to  make  use  of  compila¬ 
tions  for  the  too-  and  1,000-mb  levels  which 
were  omitted  previously.  The  following  arc 
the  results. 

(1)  The  expression  above  was  evaluated  on  a 
daily  basis.  The  average  of  these  365  values 
was  (s.R3  1.0)  x  to*8  erg  see-1.  All  individual 
monthly  values  were  positive.  Since  these  cal¬ 
culations  were  made  by  levels  and  by  days, 
this  figure  is  comparable  to  that  obtained  in 
the  previous  study  in  paragraph  (3)  under 
•Critique  and  further  computations*,  for  the 
first  half  of  1950,  namely  9.8  x  io”  erg  see'1. 


The  confidence  limits  are  twice  the  standard 
error  of  the  mean.  The  70°  N  latitude  data 
were  included  for  1931  in  all  studies. 

(2)  The  use  of  a  vertically-averaged  momen¬ 

tum  transport  and  a  vertically-averaged  shear 
(on  a  daily  basis)  in  evaluating  (1)  resulted 
in  a  value  of  (4.8±o.7)  x  ic**  erg  see-1  for 
the  year.  All  individual  monthly  values  were 
again  positive.  This  is  comparable  to  the  value 
(4.5  1.0)  x  io*8  erg  sec  _1  reported  previously 

in  paragraph  (2)  under  “Critique,  etc.”,  for 
the  first  half  of  1950. 

(3)  When  one  resorts  to  computations  based 
upon  mean  profiles  for  the  year  averaged  ver¬ 
tically  as  well  as  with  respect  to  time  (com¬ 
parable  to  those  shown  in  Fig.  1  of  the  previous 
study),  one  gets  the  value  of  4.6  x  io,#  erg 
see-1.  This  is  in  good  agreement  with  the  value 
of  4.4  x  io,#  erg  see-1  calculated  for  the  entire 
year  of  19JO. 

(4)  Use  of  the  joo-mb  data  alone  for  the 
momentum  transport  and  shear,  assuming 
these  to  be  representative  of  the  average  for 
the  atmosphere  (on  a  daily  basis)  resulted  in 
the  quantity  (6.2  j  1.2)  x  io*°  erg  see-1  for 
the  year  (all  monthly  values  positive).  A  figure 
to  be  compared  with  this,  based  upon  500-mb 
geostrophic  data,  was  obtained  by  Saltzman 
and  Fleisher,  also  for  the  year  1951.  Their 
figure  is  (3.8  J.1.2)  x  io*°  erg  see-1  with  all 
months  positive.  It  is  tempting  to  assume  that 
the  lower  figure  for  the  geostrophic  calcula¬ 
tions  is  mainly  a  result  of  a  smoothing  process 
in  the  drawing  of  maps  of  the  contours  from 
which  gridpoint  data  were  read. 

It  must  not  be  lost  sight  of,  that  the  present 
calculations  arc  subject  to  all  the  strictures  and 

3ualifications  enumerated  in  the  discussion  of 
ic  previous  study.  Such  features  as  the  prob¬ 
able  underestimation  of  the  total  effects 
computed  here,  due  to  selectivity  favoring 
more  frequent  observation  of  lighter  winds  at 
higher  levels,  is  as  true  for  the  present  data  as 
for  the  previous  compilations.  Added  to  these, 
it  should  be  borne  in  mind  that  individual 
years  may  vary  greatly  one  from  another  in 
regard  to  the  properties  here  studied.  Shorter 
periods  may  of  course  show  even  more 
striking  differences. 

The  data  compiled  for  the  year  19J  f  afforded 
an  opportunity  to  repeat  another  calculation 
which  the  writer  had  tne  privilege  to  communi¬ 
cate  some  years  ago  in  the  pages  of  this 
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journal,  again  using  an  assemblage  of  statistics 
for  the  calendar  year  1950  (see  Starr  1954). 
These  two  studies  pertain  to  the  measurement 
from  actual  wind  data  of  the  efficacy  in  the 
atmosphere  of  the  classical  mechanism  for  the 
maintenance  of  the  kinetic  energy  of  the 
mean  zonal  motions.  As  explained  in  the 
former  paper  such  efforts  arc  afflicted  with 
great  difficulties,  but  since  a  new  set  of  extreme¬ 
ly  extensive  and  in  many  ways  better  observa¬ 
tions  offered  another  independent  occasion  to 
execute  the  computation,  the  resulting  figures 
are  given  herewith. 

For  our  present  purpose  it  is  needed  to 
evaluate  the  effect  of  the  mean  meridional  cir¬ 
culations  in  producing  kinetic  energy  of  the 
mean  zonal  motions  through  the  action  of 
Coriolis  forces.  This  action  is  given  by 

f?/l"l  M  CO 

per  unit  volume  of  air.  Here  /<  is  density,/ the 
Coriolis  parameter,  ti  the  eastward  and  v  the 
northward  component  of  velocity,  while  the 
brackets  denote  zonal  averages  and  bars  time 
averages.  The  reader  is  directed  to  the  former 
paper  for  added  details.  The  volume  integrals 
by  latitude  belts  and  for  the  hemisphere  arc 
given  in  the  accompanying  table  together 
with  a  reproduction  of  the  corresponding 
numbers  for  1950.  The  figures  for  the  hemisp¬ 


here  for  both  years  show  a  net  destruction 
of  kinetic  energy  of  mean  zonal  motions. 

Since  the  kinetic  energy  stored  in  the  mean 
meridional  circulations  themselves  is  always 
extremely  small,  and  since  the  mean  zonal 
motions  arc  sensibly  geostrophic,  the  negative 
value  of  the  figures  given  above  for  the 
hemisphere  possess  the  implication  that  the 
mean  meridional  circulations  convert  kinetic 
energy  back  into  potential  and  internal.  This 
has  been  commented  upon,  for  example,  by 
Lorenz  (1955). 

Excluding  the  figure  quoted  from  Saltzman 
and  Fleishcr’s  study,  the  amount  of  data  on 
which  the  results  given  for  1950  and  1951  are 
based  is  enormous.  About  a  quarter  million 
winds  were  processed — a  task  which  has  re¬ 
quired  the  sustained  efforts  of  a  crew  of  skilled 
computers  for  several  years.  In  view  of  the 
fact  that  much  of  the  labor  in  this  type  of 
study  consists  in  the  tabulating  of  the  initial 
observations,  not  much  is  gained  through 
the  use  of  electronic  calculators,  unless  tlic 
input  can  be  secured  in  a  form  already  recorded 
on  magnetic  tape.  Fortunately  this  is  the  case 
for  the  International  Geophysical  Year  obser¬ 
vations  which  arc  now  being  processed  so  as 
to  obtain  further  information  from  data  which 
no  doubt  are  significantly  better  than  either 
those  for  1950  or  1951. 


TABLE  1. 


Volume  integral  for  the  atmoiphere  from  I  ooo  to  100  mb  of  the 
quantity  q/[ u\  [v\  In  10**  erg  •ec-1. 


I-at.  licit 

o~«. iJ 

t.v-u* 

J»— <*• 

■H— 55° 

55  -7»° 

70 - 90° 

Hemisphere 

fnt.  1950 

-f  0.0 1 

—  0.35 

—  355 

—  2.63 

+  2.(X) 

+  1.76 

- 2.09 

Int.  miji 

+  0.17 

—  0.00 

--4.79 

~  3  <>3 

+  3-r» 

+  I  .OR 

-3"> 
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Spectrum  of  Kinetic  Energy  Transfer  due  to  Large-Scale 
Horizontal  Reynolds  Stresses 

By  BARRY  SALTZMAN  and  AARON  FLE3SHER,  Massachusetts  institute  cl  Technology1 

(Manuscript  received  April  6,  1939) 


All  whirls  do  trade  their  velocity — but, 
The  biggest  whirl  exacts  its  cut. 


We  have  made  estimates  of  the  integral, 

M(n)  -  2y  Jj[u(n,  <f>,  p)  V{  -  »,  <f>„  p )  + 

+  u(  -  n,  4>,  p)  y(t),  4>,  p)  Jcos2^  ~ 


which  measures  the  race  of  transfer  of  kinetic 
energy  between  die  mean  zonal  flow  and 
the  harmonic  components  of  the  eddy  flow. 
Only  the  action  of  the  horizontal  Reynolds 
stresses  on  the  zonal  current  is  considered. 
a  is  the  wave  number  around  latitude  circles; 
<A  is  the  latitude;  p  is  the  pressure;  U  and  V  are 
the  complex  Fourier  coefficients  respectively 
of  the  zonal  and  meridional  components  of 
the  wind;  5  is  the  mean  zonal  wind;  a  is  the  radius 
of  the  earth;  g  is  the  acceleration  of  gravity; 
and  the  integration  spans  the  enure  atmos¬ 
phere.  Further  details  are  contained  in  evo 
papers  by  B.  Saltzman  (1957,  1958). 

Tne  estimates  were  made  for  each  day  of 
the  year  1951  using  gcostrophic  Winds  at  500 

1  This  research  has  been  sponsored  by  the  Geophysics 
Research  Directorate.  Air  Force  Cambridge  Research 
Center,  under  Contract  No.  AFj  9(604)2242. 


mb  and  were  based  on  a  fifteen  wave-number 
Fourier  resolution  along  every  five  degrees  of 
latitude  from  15  deg  N  to  80  deg  N  of  contour 
heights  spaced  every  ten  degrees  of  longitude. 
To  estimate  the  contribution  from  the  un¬ 
sampled  portions  of  the  hemisphere  we 
assumed  that  the  integrand  fades  to  zero  line¬ 
arly  from  22.  <  deg  N  to  10  deg  N,  and  horn 
72.5  deg  N  to  the  pole.  We  hope  this  extra¬ 
polation  is  conservative. 

The  results  arc  shown  in  the  figure  and 


?  ;  /•  iNNut; 

1  .  ■*  / 

!  olt — ^ 


big  t.  Average  values  of  Af(n)  for  the  entire  ’vsr  19JX. 
for  the  winter  half-year  (January — March,  October — 
December)  and  for  the  summer  half-year  (April — Sep¬ 
tember).  A  positive  value  signifies  a  transfer  of  kinetic 
ent*gy  from  disturbances  of  w v c ,  number  n  to  the 
mean  tonal  current. 
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Table  I.  Standard  deviation*  of  th*  dally  Talon  of  M(n)  from  th*  averages  ihown  in  fig.  1,  in 
nnito  of  (±)  to- "  ergs  oac-1  mb-‘.  Th#  iaat  column  givat  tha  atandard  d aviation 
of  th*  not  daily  transfer. 


Wave 

number 

fl 

n 

3 

B 

5 

B 

B 

8 

D 

XO 

fl 

12 

>3 

>4 

>5 

Winter  . . 

>•54 

*■50 

*.76 

1.90 

2.20 

m 

1.63 

>••47 

•91 

•79 

•48 

■47 

■34 

■33 

•34 

9.10 

Summer  . 

•73 

1.22 

t.52 

1.08 

1.02 

1 

1.03 

•9* 

.62 

•45 

D 

•34 

•*4 

.30 

*3 

3.66 

Arnual  . . 

1.26 

a. 03 

*•33 

>•55 

1.7* 

>•37 

>.*3 

.78 

.65 

•4> 

.29 

•3* 

.29 

0.98 

the  accompanying  table.  These  place  in 
perspective  the  spectrum  obtained  for  the 
single  month,  January  1949,  previously  re¬ 
ported  (Saltzman,  1958). 

The  net  transfer,  i.c.,  the  sum  over  the 
fifteen  wave  numbers,  is  directed  from  the 
eddies  to  die  zonal  flow.  If  we  take  diis  joo-mb 
estimate  to  be  representative  of  the  entire 
depth  of  the  atmosphere  then  the  annual 
average  is  3.8  x  io*°  ergs  sec-',  the  winter 


average  is  5.8  x  io,#  ergs  sec-1  and  the  sum¬ 
mer  average  is  r.8xio*°  ergs  sec-1,  which 
arc  smaller  but  still  of  the  same  order  as 
obtained  by  V.  P.  Starr  (1959)  for  the  same 
year  using  observed  winds  (see,  also,  Starr 
1953)- 

We  are  indebted  to  the  people  of  the  Com¬ 
putation  Center  at  the  Massachusetts  Institute 
of  Technology  for  machine  time  and  for 
running  our  program. 
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By  BARRY  SALTZMAN  and  AARON  FLEiSHER,1  Massachusetts  Institute  of  Technology 
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Abstract 


The  rite  of  transfer  of  kinetic  energy  between  the  different  scales  of  eddies  of  the  500  mb 
geostroohic  wind  has  been  measured  for  each  day  of  1951.  In  the  mean,  there  is  a  net  transfer 
from  intermediate  (cyclone)  scales  to  both  longer  and  shorter  scales. 


The  rate,  per  unit  area  and  per  unit  pressure  from  eddies  of  wave  number  n  to  eddies  of 
difference,  at  which  kinetic  energy  is  transferred  alt  other  wave  numbers  is  (Saltzman  1957) 

L*(n)~U(*)  +  l-(n)  (1) 

p.  */« 

0  -»/!  « - « 

-i-  V[m)  tiz(  -  «)  U[tt  -  «i)  -  V(n)U(  ~  n  -  m)]} 

+  {  U  (-  «)  ( U  ( m )  V(n  -  m)  cos  <p]$  +  V  (n)  [  U  (m)  l/(-  n  -  m)  cos  «&]* 

+  V(-  n)  [  V{m)  V{n  -  m)  cos  <f>]t+  V(n)  [V{m)  V(  n-m)  cos  </>]«} 
_  ^  { y  (w)  [£/(  -tt)U(n  -  m)+  U(n)  U(  -  n  -  m)] 

-  U(m)  [V(  -  n)  U(n  -  m)  -t-  F(n)  L/(  -  n  -  m)]}J  cos<f>d<f>dp 

Pi  n/t  00 

L'(fi)  =  -  -  T-  J  j  {  u{  -  n)  [  U(mj)  Q{n  -  m)]p  +  U(n)  [  U[m)  Q  ( -  n  -  m)]p 

S  -nfi  m—  ~oo 

+  V(-n )  [F(«i)iQ(f»  -  mi)],  V(n)[V(ti)Q(  -  n~  m)],,} 
_  cos  <f>d<f>dp 

1  Now  with  the  Department  of  City  and  Regional  Plarning,  Mass.  Inst,  of  Technology. 
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A  =*  longitude 
4>  *  latitude 


p  «  pressure 
t  «■»  timr 

m,n~  wave  number  around  a  latitude  circle 
u  (X,  d>,  p,  i)  ■*  (a  cos  $  a?. jtli  =»  zonal  wind  component 

v  (A,  4>,  p,t)  =  a  d<f>ldt  -  meridional  wind  component 

01  (A,  <f>,  p,  t)  -  dpi  at  -  individual  pressure  change 

J  * 

.F (x)  -  (an) ' */  x (A,  ^>, p,  t)e~ inXdk  =  Fourier  transform  of  x 
U{n,<f>,p,t)^F(u) 

V  ( n,<f>,p,t)**F(u ) 

Q  (m,  <f>,  p,t)  —  F  (10) 

p0  =  pressure  at  the  earth's  surface 
a  —  radius  of  the  earth 
g  —  acceleration  of  gravity, 

(*)f  “  dxfdt 


oo 

Since  ZL*(n)  -=>  o  we  can  think  of  L*(n)  as 

n  -1 

the  rate  at  which  the  existing  kinetic  energy 
is  being  redistributed  among  all  the  scales 
of  atmospheric  eddies,  this  process  being  in¬ 
dependent  of  other  processes  which  can  alter 
the  total  eddy  kinetic  energy — Le.,  transfers  to 
or  from  the  zonal  morion  fn^o),  viscous 
dissipation,  and  conversions  to  or  from  poten¬ 
tial  and  internal  energy. 

We  are  concerned  now  wisfk  estimating 
L'(n),  the  contribution  to  L*(n)  from  inter¬ 
actions  of  the  horizontal  winds,  for  the  ^ts-.Ies 
represented  on  hemispheric  charts,  or  this 
purpose  we  apply  the  geostrophre  approxima¬ 
tion.  We  do  not  think  these  chars  justify  a 
resolution  in  more  than  15  wave  raimtsers  and 
therefore  take  all  scales  if  motion  smaller 
than  wave  number  15  to  be  zero.  We  label 
the  result  of  this  approximation  L(n).  Then, 

.;L(»)  =  o  (2} 

n  - 1 

wtaich  is  to  say  that  Lira)  measures  the  geostro- 
phic  redistribution  of  kinetic  energy  among 

Tell  vis  XII  UV60),  * 

2 — mans  $tp. 


only  the  fifteen  wave  numbers.  Transfers  due 
to  non-gcostrophic  components  and  transfers 
between  the  wave  group  n  =  1  to  1 5  and  shorter 
waves  are  considered  to  be  separate  processes 
and  are  not  treated  here. 

Our  data  are  the  500  mb  northern  hemi¬ 
sphere  charts  for  every  day  of  1951.  Contour 
heights  arc  given  at  every  ten  degrees  of 
longitude  and  every  five  degrees  of  latitude 
from  15°  N  to  80° N.  These  arc  the  data  from 
which  we  obtained  the  spectrum  of  the  rate 
of  transfer  of  kinetic  energy  between  the 
zonal  current  and  the  eddies  (Saltzman  and 
Fi.eishf.r,  i960). 

We  assume  that  events  at  500  mb  arc  rep¬ 
resentative  of  the  vertical  average,  at  least 
in  regard  to  sign. 

Our  finite  difference  scheme  limits  the  inte¬ 
gration  to  the  region  between  22. 50  N  and 
72. 50  N.  For  these  new  boundaries. 


2nd  cos  <£  ^  1 J  *-»»  « 


(brackets  denote  a  zonal  average  and  primes 
tii*-  deviation  therefrom).  However,  if  our 
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resuits  are  to  be  representative  of  the  globe  it  is 
necessary  that  (2)  be  satisfied,  which  means 
that  the  net  eddy  transport  of  eddy  kinetic 
energy  into  this  region  must  be  zero.  We 
have  measured  this  and  found  it  quite  small. 
In  place  of  a  sufficient  condition  we  assume 
that  the  region  we  treat  is  large  enough  to 
represent  the  interactions  over  the  globe. 

The  integral  involves  a  summation  of  triple 
products  of  Fourier  components — effectively  a 
triple  correlation.  The  variability  of  the 
atmosphere  and  the  quality  of  the  data  hardly 
encourages  such  an.  enterprise.  It  should  be 
expected,  therefore,  that  only  a  long-time 
mean  will  have  a  variance  sufficiently  small  to 
be  worth  quoting.  We  present  the  annual  mean 
and,  in  computing  its  error,  take  half  of  the 
365  days  to  t>c  independent.  To  obtain  addi¬ 
tional  smoothing,  we  consider  three  groups  of 
wave  numbers:  Tong’  waves  x  <  n  <  5,  ‘cyc¬ 
lone’  waves  6<n<io,  ‘short’  waves  1 1  <n< 
<15,  and  we  denote  the  transfer  function 
for  these  groups  by  i  =  1,2, 3,  respectively; 
i.e., 

EL{n) 

n- 1 

L,-  IL(») 

n—  8 

£L(n) 

n-  tl 

The  loss  in  resolution  is  appreciable,  but  phys¬ 
ically  less  than  might  be  supposed  since  the 
same  wave  number  at  different  latitudes  cor¬ 
responds  to  different  physical  scales. 

Results 

We  define 

x  =  annual  average  of  x 

cr(x)  =  (x*  —  x*)*  =  standard  deviation  of  x 

2a(x)  _ 

—  ~  —  error  or  x 
Vi  82 

The  mean  values  obtained  and  their  errors, 
in  io_*  ergs  sec-1  cm-2  mb'*1,  are 


Mg.  I.  Estimate  of  the  mean  rate  of  kinetic  energy  ex¬ 
change  between  long  waves  (n  —  l  to  5),  cyclone  waves 
(»— 6  to  10)  and  shorter  waves  (»—n  to  ij),  based  on 
daily  500  mb  geostrophic  measurements  for  the  year 
1931.  Units  are  to-*  ergs  sec-1  era-*  mb-1. 


Fig.  a.  Estimate  of  the  mean  rate  of  kinetic  energy  ex¬ 
change  between  the  zonal  current  («— o).  long  waves 
(»  —  i  to  5),  cyclone  waves  (it  >=•  6  to  io)  and  shorter  waves 
(noil  to  13),  based  on  daily  500  mb  geostrophic  meas¬ 
urements  for  the  year  1951.  Units  arc  10"*  ergs  sec-1 
cm-*  mb-1. 

Lx~  +  124  ±81 
L*-  -  145  ±  96 

L,=  4  71  ±  54 
and 

ZLi  =4  50  ±  56 

»  —  l.*,3 

from  which  wc  conclude  that  Lx  and  Ls  are 
significantly  positive,  L,  is  significantly  nega¬ 
tive,  and  as  required,  2X;  is  not  significautly 

1-1,  t.  8 

different  from  zero.  In  physical  terms,  there  is, 
in  the  mean,  a  net  transfer  of  kinetic  energy 
from  the  ‘cyclone’  band  (rt  -■=  6  to  io)  to  the 
long-wave  band  (n  —  i  to  5)  and  to  the  short¬ 
wave  band  (n  — 11  to  15).  Fjortoft  (1953) 
has  demonstrated  the  possibility  of  transfers 
of  this  kind,  and  Saltzman  (1959}  has  con- 

Tclius  XII  (I960!.  4 
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structcd  a  model  winch  displays  these  euefgy 
flow  characteristics. 

To  estimate  the  numerical^  magnitude  of 
this  effect  we  assume  that  £Li  is  entirely  in 

the  nature  of  a  computational  noise  which 
affects  each  of  the  thxce_wave-groups  equally. 
Thus,  we  subtract  i  /3  SL--  from  Lx,  La  and  L%i 

to  achieve  the  balance  required  by  (a).  The 
results  are  pictured  in  Figure  i.  An  arrow  in¬ 
dicates  a  net  loss  or  gain  to* or  from  the  other 
two  wave  groups. 

In  Figure  2  we  display  the  results  shown  in 
Figure  I  combined  with  those  presented  by 
Saltzman  and  Flhsheh  (i960)  for  the  inter¬ 
actions  between  the  mean  zonal  current  and 


the  eddies.  This  is  our  estimate  of  the  mean 
gcostrophic  energy  How  in  the  domain  « 
*=  o  to  15.  Estimates  of  the  release  of  potential 
and  internal  energy  in  this  domain  are  given 
by  Saltzman  and  Fleisher  (1959)  and  W. in- 
Nielsen  {1959).  There  are  no  direct  measure¬ 
ments  of  the  transfer  of  kinetic  energy  between 
these  scales  of  disturbances  and  scales  of  wave 
number  larger  than  15. 

We  arc  indebted  to  the  people  of  the  Com¬ 
putation  Center  of  the  Massachusetts  Institute 
of  Technology  for  time  on  the  IBM  704  and 
for  running  our  program.  This  research  has 
been  sponsored  by  the  Geophysics  Research 
Directorate  of  the  Air  Force  Cambridge  Re¬ 
search  Center  under  Contract  No.  AF  19(604)- 
2242. 
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The  Modes  of  Release  of  Available  Potential  Energy 
in  the  Atmosphere 

Barry  Saltzman  and  Aaron  Fleisher 

Department  of  Meteorology 
Massachusetts  Institute  of  Technology 
Cambridge,  Massachusetts 

Abstract.  We  have  obtained  the  space  spectra  of  the  fields  of  vertical  motion  and  tempera¬ 
ture  in  the  free  atmosphere  for  February  1959,  and  have  estimated  from  these  the  conversions 
between  available  potential  energy  and  kinetic  energy  as  a  function  of  wave  number. 


Introduction,  Given  the  daily  hemispheric 
fields  of  the  thickness  between  860  and  500  mb 
and  the  individual  pressure  change  at  600  mb, 
we  have  calculated  the  following  quantities: 
(i)  the  available  potential  energy  as  a  function 
of  wave  number  around  latitude  circles;  (it)  the 
rate  of  conversion  between  potential  and  kinetic 
energy  showing  the  effects  of  the  mean  meridional 
circulations  and  the  eddy  circulations  of  dif¬ 
ferent  scales. 

The  basic  energy  equations  in  which  these 
quantities  appear  and  discussions  of  their 
significance  for  the  general  circulation  are  given 
by  Lorenz  [1965],  White  and  Salteman  [1956], 
and  SalLman  [1957,  1958]. 

Formulas  and  data.  We  shall  use  these 
symbols; 

X  =  longitude 

<t>  —  latitude 

p  ~  pressure 

t  —  time 

n  —  wave  number  around  a  latitude  circle 
V  —  surface  spherical  gradient  operator  on 
an  isobaric  surface 

at  =  dp/dt  —  individual  pressure  change 
w  =  vertical  velocity 

v  —  horizontal  wind  vector 

T  —  temperature  (deg  Aba) 

p  —  density 

g  —  the  acceleration  of  gravity 

Cs  —  specific  heat  at  constant  pressure 

R  —  gas  constant 


P,  f)  =  (2t)  1 


T{\,4>,  p,  fye'"*  dX 


=  complex  Fourier  coefficient  for 
the  temperature 

B(«,  <t>,  P,  t)  =■  (2*)'1 

'L  p‘ 

=  complex  Fourier  coefficient  for  w 
[x]  —  j  x  dX 

—  zonal  average  of  x 
x'  —  x  [z] 

=»  deviation  from  the  zonal  average 

r*. 

{x }  =  (sin^j  —  sin^i)-1  I  xcas<f>d4> 

J*, 

=  meridional  average  of  x  between 
latitudes  <t>\  and  <f>t 

x"  «  x  —  [xj 

=  deviation  from  the  meridional  average 

I  Ml 

=  area  average  over  a  constant  pressure 
surface 

x*  =  x  -  {[x]} 

=  deviation  from  the  area  average 


=  time  average  (r  ~  length  of  record) 
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%***  r—  j.  .  j» 

=  deviation  from  the  time  average 

*(*)  -  (?  - 

=  standard  deviation 

7  =(!(?]!  ~Pc,R',  d{m}/d?r 

The  total  available  potential  energy  per  unit 
area  per  unit  pressure  difference  is  [Lorenz,  1955, 
Salesman,  1957] 

*  - 

-  Pi  +  P* 

where 

p*  «  “  {m»2} 

is  the  zonal  available  potential  energy 
and 

pm  -  am 

is  the  total  eddy  available  potential  energy.  The 
contribution  to  the  total  eddy  available  potential 
energy  from  temperature  variations  of  wave 
number  n  is 

(P(n)  =  {|B(n)|2} 

which  satisfies 

Pm  «  Z  <K") 

•  -J 

We  call  (P(n)  the  ‘spectral  function’  for  eddy 
available  potential  energy. 

The  total  rate  of  conversion  from  available 
potential  energy  to  kinetic  energy  per  unit  area 
and  per  unit  pressure  difference  is  [Lorenz,  1955] 

c  —  ~~~  I  Mil 

pg 

The  average  is  to  be  taken  over  a  closed  pressure 
surface  (i.e.,  &  =  —  m/2,  4h  —  t/2)  and  can  be 
expressed  as  a  sum  of  subaverages  in  the  manner, 

C  =  CM  +  Cz  +  Co 


where 

Cm  -  -  ~  IMH) 

pg 

is  the  rate  of  conversion  from  eddy  available 
potential  energy  to  eddy  kinetic  energy. 

Cm  -  IM'W'! 

pg 

is  the  rate  of  conversion  from  zonal  available 
potential  energy  to  zonal  kinetic  energy,  and 

C0  -  fMHms 

Ce  is  identically  zero,  since 

{[<■>]}  ~  f  {[V'vJl  dp  =  0. 

Jo 

In  practice,  we  can  measure  these  quantities 
over  only  a  limited  region  of  the  globe  (in  our 
case,  the  belt  between  20°N  and  80°N).  Tf, 
however,  the  region  is  large  enough  to  capture 
most  of  the  significant  scales  of  variations  of 
«  and  T  (as  we  believe  is  the  case  here)  we  can 
have  confidence  that  the  values  obtained  for 
Cg  and  Cz  are  fairly  representative  of  what 
would  be  obtained  if  the  entire  pressure  surface 
were  sampled.  On  the  other  band,  ![<*>]}  and 
hence  C»  need  not  vanish  for  such  a  limited 
region  because  of  systematic  variations  of  u 
with  latitude.  Such  a  non-zero  value  of  Co, 
however  valid  for  the  particular  region,  cannot, 
a  priori,  be  correct  for  the  entire  pressure  surface. 
For  these  reasons  we  take  as  our  estimate  of 
C  the  measured  value  (CB  +-  Cz),  which  we 
denote  by  CB8t-  We  shall  take  up  the  question 
of  representativeness  again. 

The  quantity  Cg  can  be  expanded  in  terms  of 
a  spectral  function  measuring  the  rate  of 
conversion  from  eddy  available  potential  energy 
of  a  given  wave  number  to  eddy  kinetic  energy 
of  disturbances  of  the  same  wave  number 
{Salesman,  1957].  This  spectral  function  is 

G(n)  =  —  — n)  +  Q(—n)B(n)] 

pg 

which  satisfies 

C*  =  £  C(«) 
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TABLE  1.  Mean  values  and  standard  deviations  of  the  son  ally  averaged  individual  pressure  change 
[<o]  —  0(0),  in  10~‘  g  cm-1  see-',  and  of  the  tonally  averaged  temperature  \T)  —  B(0), 
in  deg  Aba,,  both  as  a  function  of  latitude,  for  February  1853  (Fig.  1) 


80 

75 

70 

65 

60 

65 

50  45 

40 

35 

25 

D 

l«l 

-344 

-325 

-781 

-403 

-300 

+425  +782 

+565 

+643 

+204 

-300 

-406 

a  (±) 

1167 

957 

795 

1032 

S09 

1276 

845  1158 

785 

718 

460 

387 

348 

in 

244.0i 

245.59  247.13  248.82  250.28  252.19  254.62  257.71 

281.61 

265.74  269.7?  273.3? 

276.® 

tr  (±) 

1.68 

1.02 

1.04 

1,06 

1.03 

1.06 

1.06  0.73 

0.56 

0.15 

0.23 

0.42 

0.55 

The  functions  P,  C,  and  their  components 
were  evaluated  for  the  month  of  February  1959. 
The  data  comprised  the  850-  to  500-mb  thickness 
in  centimeters,  denoted  here  by  h,  and  the  600-mb 
individual  pressure  change  e  in  g  cm-1  sec-*, 
computed  from  the  two-parameter,  quasi- 
gcostrophie,  adiabatic,  frictioniess  model  of  the 
Joint  Numerical  Weather  Prediction  Unit.  We  are 
indebted  to  the  JNWP  Unit  for  these  data  and 
to  Mr.  B.  Lewis  and  Mr.  V.  Murino  of  the 
Extended  Forecast  Section  of  the  U.  S.  ’Weather 
Bureau  for  the  computer  program  that  inter¬ 
polates  these  quantities  from  the  JNWP  grid  to 
intersections  at  every  5°  of  longitude  and  10°  of 
latitude  from  20°N  to  80°N.  The  computations 
began  with  a  Fourier  analysis  of  A  and  w  in  15 
wave  numbers  around  latitude  circles. 

The  fields  of  both  w  and  the  mean  temperature 
equivalent  to  A  were  taken  to  apply  in  the 
vicinity  of  600  mb.  The  hydrostatic  approxima¬ 
tion  to  the  equivalent  temperature  is 

T  =  0.64  X  10~SA 

We  have  set  y  equal  to  IQ-*  deg  Abe-1, 


which  corresponds  roughly  to  the  normal  value 
of  d{\T]\/&p  at  the  midtroposphere. 

The  <o  field  and  the  available  potential  energy. 

(a)  The  «  field:  The  mean  values  and 
standard  deviations  of  [wj  are  given  in  Table  1 
and  Figure  1  as  a  function  of  latitude  (a  sine 
scale  is  used  in  all  graphs  having  latitude  as 
the  abscissa).  This  is  a  representation  of  the 
monthly  mean  zonally  averaged  meridional 
circulation.  Two  large  cells  in  low  through  middle 
latitudes  and  the  suggestion  of  a  third  cell  in 
high  latitudes  are  visible.  The  maximum  vertical 
velocity  of  these  cells,  computed  from  the 
approximate  formula  w  —  ~  (pg)~l  to  —  —  1.3o>, 
is  about  0.1  cm  sec-1.  This  pattern  resembles 
the  picture  of  the  mean  meridional  circulation 
first  suggested  by  F err  el  [1856]  and  later  modified 
by  Roeeby  [1941].  Since  heat  sources  and  friction 
are  not  included  in  the  computation  of  <•>,  the 
meridional  cells  obtained  can  only  be  the  result 
of  imbalances  caused  by  meridional  eddy  trans¬ 
ports  of  heat  and  momentum.  Howev«v,  if  the 
direct  forcing  effects  of  the  tonally  averaged 
heat  sources  and  friction  were  included,  the 


Fig.  1.  Mean  values  of  [u]  (solid  curve)  and  of  IT]  (dashed  curve)  for  February  19®.  See  Table  1. 
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TABLE  2.  Mean  value*  and  standard  deviations  of  the  Amplitude  Spectrum  of  the  individual 
pressure  change  2  |  Q(«)  !» in  10"*  g  wfi~t  see-*,  and  of  the  temperature  2  |  B(«)  j,  in  deg, 
around  the  three  latitude  circle*,  30,  80,  and  70*N,  for  February  1950  (Figs.  2  and  4) 


Wave  Number,  n 

* 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

li 

12 

13 

14 

16 

70 

1661 

1781 

2189 

.2140 

2034 

1702 

1322 

1208 

859 

732 

526 

372 

371 

24S 

167 

2!Q(»)i 

50 

1528 

1933 

1669 

2038 

1502 

2403 

2660 

3335 

2892 

2674 

2198 

1951 

1608 

1549 

1413 

30 

1163 

1653 

20% 

1837 

2813 

2721 

2588 

2334 

2690 

2490 

2113 

2248 

1969 

1840 

1998 

70 

ess 

1069 

976 

neo 

846 

962 

847 

781 

843 

203 

308 

236 

202 

147 

97 

*  <*) 

SO 

889 

919 

982 

1264 

1041 

1112 

1381 

1888 

1315 

1888 

1109 

9% 

783 

983 

752 

30 

662 

924 

968 

848 

1286 

1112 

1403 

921 

1218 

1388 

966 

1201 

964 

1067 

886 

70 

4.03 

6.21 

1.78 

1.45 

1.22 

0.78 

0.49 

0.39 

0.33 

0.22 

0.14 

0,13 

0.08 

0.07 

0.05 

2  i  £(«)  | 

50 

3.60 

6.10 

4.62 

2.37 

2.16 

1.77 

1.18 

1,25 

0.88 

0.63 

0.59 

0.49 

0.42 

0.34 

0.34 

30 

2.86 

2.25 

1.71 

1.53 

1.04 

1.59 

1.07 

0.95 

0.69 

0.67 

0.48 

0.43 

0.29 

0.37 

0.26 

70 

2.02 

2.34 

1.07 

0.61 

0.70 

0.36 

0.25 

0.22 

0.17 

0.11 

0.09 

0.06 

0.04 

0.04 

0.03 

a  ( db) 

50 

1.90 

1.21 

1.63 

1.25 

0.84 

1.07 

0.53 

0.73 

0.32 

0.36 

0.30 

0.26 

0.16 

0.21 

0.17 

30 

0.92 

1.08 

0.73 

0.53 

0.53 

0.85 

0.41 

0.39 

0.33 

0.39 

0.23 

0.22 

0.15 

0.20 

0.13 

results  probably  would  not  be  changed  very 
much  [Phillips,  1954, 1956;  Kuo,  1956]. 

The  area  under  the  curve  in  Figure  1  is  pro¬ 
portional  to  {[«])>  which  we  said  should  be  sero 
for  &  closed  pressure  surface.  Our  value  of  { {»]) 
is  slightly  positive  (+.0098  g  cm"1  sec"*)  indi¬ 
cating  a  net  mean  sinking  motion  for  the  region 
of  roughly  0.01  cm  sec~‘.  It  would  appear  from 
Figure  1,  however,  that  the  systematic  negative 
values  which  are  likely  to  be  found  in  tropical 
regions  beiow  20°N  would  bring  { [w]j  closer  to 
aero. 

To  obtain  some  idea  of  the  eddy  variations 
of  the  to  field  the  monthly  mean  amplitude 


Fig.  2.  Mean  amplitude  spectrum  of  the  indi¬ 
vidual  pressure  change,  2|fl(n)|,  at  the  three  lati¬ 
tudes,  30,  50,  and  70“N,  for  February  1959.  See 
Table  2. 


spectrum  of  to  around  three  latitude  circles 
30,  50,  and  70°N,  and  their  standard  deviations 
were  computed  and  are  listed  in  Table  2.  A 
graphical  representation  is  shown  in  Figure  2. 
Please  observe  that  this  and  ail  subsequent 
spectra  are  line  spectra.  It  is  notable  that  in 
middle  and  low  latitudes  the  contribution  of 
the  high  wave  numbers  to  the  total  zonal  vari¬ 
ability  of  u  is  quite  large.  The  mean  zonal 
variance  {w'2]  around  all  the  latitude  circles 
studied  is  given  in  Table  3  and  Figure  3. 

(b)  The  available  potential  energy :  The  mean 
values  and  standard  deviations  of  the  zonally 
averaged  temperature  around  latitude  circles 
are  listed  in  Table  1.  The  graph  of  these  data  is 
shown  in  Figure  1.  The  monthly  mean  amplitude 
spectrum  of  T  around  three  latitude  circles, 
30,  50,  and  70eN,  and  their  standard  deviations 
are  listed  in  Tab/e  2,  and  a  graphical  represents- 


*>rs  »c  «  «o  ss  »  *5  «  m  x>  a  w 

LATlTtO* 


Fig.  3.  Mean  variance  of  the  individual  pres¬ 
sure  change  around  latitude  circles,  lw’a],  for  Feb¬ 
ruary  1959.  See  Table  3. 
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TABLE  3.  Mean  value*  and  standard  deviation*  of  [&>’*}  in  10"*  eg*  units,  [Tn]  in  deg1,  and  WT'] 
in  10"*  g  tm  '1  seo~*  deg,  as  a  function  of  latitude,  for  February  1950  (Fig*.  3,  5,  and  8) 
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418 

291 

210 

167 

WAVE  HUMBER 

Fig.  4.  Mean  amplitude  spectrum  of  the  tem¬ 
perature,  2]B(n) !,  at  the  three  latitudes,  30,  50, 
and  70*  N,  for  February  1959.  See  Table  2. 

tion  is  shown  in  Figure  4.  The  maximum  zonal 
variability  occurs  at  the  longer  wavelengths  and 
at  higher  latitudes.  The  latitude  dependence  of 
the  zonal  variability  is  more  clearly  evident  in 
Table  3  and  in  Figure  5,  which  gives  the 
meridional  profile  of  [T'1]. 

The  monthly  mean  values  of  P,  Pt,  PSl  and 
<P(n)  and  their  standard  deviations  are  given 
in  Table  4.  Figure_6  is  a  graph  of  the  mean 
spectral  function  <P(n).  The  largest  store  of 
available  potential  energy  resides  in  the  zonal 
component  Pg\  the  longer  wavelengths  (especially 
wave  number  2,  which  is  the  scale  of  the  major 
continents  and  oceans)  contain  most  of  the  eddy 


available  potential  energy.  We  find  that  the 
mean  total  available  potential  energy  is  about 
5  times  as  great  as  the  total  kinetic  energy 
measured  for  the  same  region  of  the  northern 
hemisphere  [cf.  Lorenz,  1955].  The  largest  con¬ 
tribution  to  Pg  comes  from  variations  of  the 
temperature,  in  middle  to  high  latitudes  (Kg.  5). 

The  energy  conversions.  The  mean  values  of 
the  conversion  integrals  Cz,  Ctl  C(n),  and  CMI 
and  their  standard  deviations  are  listed  in 
Table  5.  Figure  7  is  a  graph  of  the  spectral 
function  C(n),  showing  the  modes  of  release  of 
eddy  available  potential  energy.  We  have 


Fig.  5.  Mean  variance  of  temperature  around  lati¬ 
tude  circles  [7"*],  for  February  1959.  See  Table  3. 


TABLE  4.  Mean  values  and  standard  deviations  of  the  total,  zonal,  and  eddy  available  potential 
energy  and  of  the  spectral  function  for  eddy  available  potential  energy,  in  units  of 
10*  ergs  cm-1  mb"1,  for  February  1959  (Fig.  6) 
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TABLE  5.  Moan  values  and  standard  deviations  of  the  rate  of  conversion  from  available  potential 
energy  to  kinetic  energy,  in  units  of  ].Cr£  ergs  sec"1  cm"*  mb—,  for  February  iSW  (Fig.  7) 


£ 'z  Cg  *■  }L»-s14  C(n)  Ckst 

—  196  +2878  +2682 

v  (=fc)  567  715 


n  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15 

e(»)  +210  +355  +181  +297  +317  +509  +281  +309  +184  +140  +42  +36  +16  +20  +10 

cr  (±)  189  240  254  280  280  426  280  294  172  164  78  68  39  50  27 


defined  these  quantities  so  that  a  positive  value 
Signifies  a  conversion  from  potential  to  kinetic 
energy. 

In  accordance  with  the  remarks  made  above, 
we  take  (Cz  +  Cs),  given  in  the  last  column  of 
Table  5,  as  the  estimate  of  the  net  rate  ol  con¬ 
version.  This  value  is  2.682  ergs  sec-1  cm-1  mb-1, 
which  agrees  in  order  of  magnitude  with  estimates 
of  the  rate  of  frictional  dissipation  made,  for 
example,  by  Brunt  [1941].  (The  net  conversion 
rate,  in  the  long-time  average,  must  be  equal 
to  the  net  rate  of  dissipation;  see,  for  example, 
White  and  Saltzman  [1956].)  Almost  all  of  this 
net  conversion  is  due  to  the  release  of  eddy 
available  potential  energy-  (+2.878  ergs  see-1 
cm**  mb-1),  the  conversion  of  zonal  available 
potential  energy  being  an  order  of  magnitude 
smaller  and  of  opposite  sign.  (—0.196  ergs 
sec-1  cm*3  mb-1).  We  recognize  that  these 
measurements  do  not  properly  weight  the 
processes  in  low  latitudes.  To  estimate  the  effect 
of  this  omission  we  have  assigned  to  [<L]  a  constant 
value  (12.9  X  10~*  g  cm  '1  see1)  from  20°N  to 
the  equator,  which  makes  [[w]}  —  0,  and  have 
extended  the  mean  temperature  profile  linearly 
to  the  equator  with  the  slope  observed  at  20°N. 


WAVE  NUMBER 

Fig  6.  Mean  spertral  function  for  eddy  available 
potential  energy  for  February  1959.  See  Table  4, 


Fig  7.  Mean  spectral  function  for  rate  of  con¬ 
version  from  eddy  available  potential  energy  to 
eddy  kinetic  energy  for  February  1959.  See  Table  5. 

The  value  of  Cz  that  results  from  this  mean 
field  is  +0.294  ergs  sec-1  cm-3  mb'1,  which  is 
still  1  order  of  magnitude  less  than  Cs.  This 
suggests  that,  over  the  whole  hemisphere,  it  is 
primarily  the  large-scale  eddy  motions,  rather 
than  the  zonally  averaged  motions,  which  grow 
directly  at  the  expense  of  the  available  potential 
energy  (ef.  Starr,  1954]. 

These  results  are  substantially  the  same  as 
those  obtained  b.  White  and  Saiizman  J1956] 
using  data  from  .  more  restricted  region  (the 
sector  of  the  North  American  continent  between 
latitudes  35°N  and  60°N  and  between  longitudes 
70°W  and  120°W).  Their  values  for  Cz  and  Ce 
were  larger  but  of  the  same  sign  as  obtained  here, 
(-2000  X  10-»  and  +6800  X  10-4  ergs  sec¬ 
ern-3  mb-1,  respectively).  The  larger  value  of 
Cg  is  probably  due  to  two  factors:  (1)  compared 
with  other  sectors  of  the  hemisphere,  the  North 
American  sector  is  particularly  active  in  the 
baroclinic  development  of  eddies  and  (2)  the 
data  coverage  for  this  particular  sector  is  much 
better  than  for  the  hemisphere  as  a  whole, 
permitting  the  use  of  5°  grid  spacing  in  longitude 
and  giving  a  more  accurate  representation  of  the 
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smaller-scale  eydogenetie  processes  which  prob¬ 
ably  contribute  to  the  over-all  conversion  rate. 
The  larger  negative  value  of  Cz  ia  a  consequence 
of  the  fact  that  the  region  is  located  entirely 
within  middle  latitudes  where  the  Ferrel  cell 
predominates,  and  hence  includes  little  of  the 
positive  energy-releasing  effects  of  Use  Hadley 
cell. 

Although  our  coverage  is  much  more  extensive 
than  was  the  case  in  the  study  by  White  and 
Sal tz man,  it  is  still  deficient  in  the  sense  that 
the  region  is  not  'closed/  as  is  evident  from  the 
non-zero  value  of  { [w] ;  -  The  simple  extrapolation 
described  above  indicates  that  if  latitudes  down 
to  the  equator  were  sampled  Cz  would  become 
positive,  owing  to  the  fuller  inclusion  of  the 
direct  Hadley  cell,  but  would  remain  small.  The 
decrease  of  the  eddy  correlation  between  u  and 
T  toward  lower  latitudes  (Fig.  8)  shows  that 
Cg  is  slightly  over-estimated  on  this  account. 
However,  the  value  of  Cx  may,  on  another 
account,  be  somewhat  underestimated  as  a 
result  of  the  failure  to  include  as  detailed  a 
representation  of  smaller-scale  phenomena  as 
was  done  in  the  study  by  White  and  Saltzman 
[1956].  It  is  also  possible  that  positive  contri¬ 
butions  could  be  made  by  scales  of  variations 
which  are  even  smaller  than  those  considered 
in  either  study  (cumulus  convection,  for  ex¬ 
ample). 

We  emphasize  that  our  measurements  apply 
only  to  a  single  level  in  the  mid- troposphere. 
If  these  measurements  are  to  be  a  fair  estimate 
of  th'  rate  of  -  -nver^W .  th»  entire  atmoe- 
i/Iitae,  we  must  assume  that  the  events  occurring 
at  all  other  levels,  weighted  by  mass  and  inte¬ 
grated,  would  give  very  much  the  same  result 
that  we  obtain  by  taking  the  600-mb  level  to 
represent  the  entire  atmosphere.  We  think  we 
can  assume  that  this  is  so.  However,  the  dif¬ 
ferences  at  other  levels  are  of  interest.  In  the 
stratosphere  there  is  some  indication  of  a  reversal 
in  the  correlation  between  w  and  T  which  gives 
rise  to  a  small  negative  value  of  CB  [White  and 
Nolan,  I960].  At  lower  levels,  on  the  other  hand, 
the  observed  convergence  into  warm  lows  and 
divergence  from  cold  highs  may  be  reflected  in 
a  higher  correlation  between  w  and  T  than  is 
found  in  the  mid-tropoephere. 

The  spectral  resolution  of  Cm  is  shown  in 
Figure  7.  For  this  month  the  kinetic  energy  of 
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Fig.  8.  Mean  covariance  between  the  individ¬ 
ual  pressure  change  arid  the  temperature  around 
latitude  circles,  — £</2v],  for  February  1359.  See 
Table  3. 

eddies  of  all  scales  grows  at  the  expense  of 
available  potential  energy.  Eddies  of  wave 
number  6  are  most  active,  in  general  agreement 
with  the  linear  theory  of  baroclinic  instability 
which  predicts  a  maximum  growth  rate  for 
waves  of  roughly  intermediate  scale.  The  maxi¬ 
mum  conversion  occurs  from  scales  which  store 
comparatively  little  available  potential  energy 
(Fig.  6).  In  the  long  run  the  total  store  of  avail¬ 
able  potential  energy  must  be  maintained  through 
generation  by  diabatie  processes.  It  is  of  interest- 
to  know  the  modes  of  this  generation  and  the 
manner  in  which  the  available  energy  ia  ex¬ 
changed  among  the  inodes.  The  expressions 
for  these  processes  have  been  discussed  by 
Saltzman  [1957], 

The  marked  decrease  in  C(n)  beyond  wave 
number  10  may  be  due  in  part  to  lack  of  detail 
in  the  analysis  of  hemispheric  charts.  Concerning 
the  long-wave  end  of  the  spectrum,  Mr.  A. 
Wiia-jNielsen  lia-  informed  us  that,  when  the 
diabatie  component  of  the  o>  field  is  considered, 
a  large  reduction  or  even  a  reversal  in  the  sign 
of  C(n)  probably  occurs.  If  this  is  the  case,  these 
long  waves  must,  on  the  average,  obtain  energy 
from  the  scales  of  motion  which  do  have  potential 
energy  sources  (for  example,  wave  numbers 
5  to  10)  in  order  to  overcome  their  losses  through 
friction  and  by  transfer  to  the  zonal  current 
[Saltzman  and  Fleisher,  I960].  A  discussion  of  the 
nonlinear  processes  whereby  such  an  energy 
transfer  can  occur  was  given  by  Saltzman  [1959], 

It  is  of  interest  to  note  the  comparatively 
small  standard  deviation  of  the  daily  values  of 
Cg  from  the  monthly  mean  (Table  5).  This  is  a 
reflection  of  the  fact  that  the  release  of  potential 
energy  by  the  eddy  circulations  is  a  rather 
steady  process,  contrary  to  the  often  expressed 
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belief  tl  at  this  release  is  a  more-or-lesa  sporadic 
event  after  which  the  atmosphere  ‘coasts' 
b&rotropieally  for  a  comparatively  long  period. 
As  it  appears  from  these  computations,  some 
part  of  the  atmosphere  is  continuously  involved 
in  overtunungs  which  release  energy  at  a  fairly 
steady  rate. 

The  computations  reported  here  for  the  single 
month  of  February  1959  probably  reveal  most 
of  the  essential  features  of  ihe  long-time  mean 
winter  hemispheric  fields  of  «  and  T  and  of  the 
conversion  process.  However,  in  order  to  establish 
greater  significance  for  these  statistics  and  to 
determine  the  seasonal  variations,  we  plan  to 
consider  a  longer  record  of  data.  It  seems  that 
most  of  the  limitations  of  this  study  (the 
adiabatic  method  of  computing  w,  the  incomplete 
sampling  in  the  horizontal  and  the  vertical,  the 
exclusion  of  smaller- scale  variations)  will  not 
be  substantially  removed  in  the  very  near  future. 
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Questions  Concerning  the  Energy  o!  Stratospheric  Motions1 

By 

V.  P.  Starr 

Summary.  In  this  article  the  theoretical  conclusion  is  reached  that  the 
vertical  transport  of  kinetic  energy  in  the  atmosphere  from  one  horizontal 
layer  to  another  is  effected  solely  by  an  area  integral  over  the  internal  bound¬ 
ary,  of  the  kinetic  energy  per  unit  volume  multiplied  by  the  vertical  velocity. 
Speculations  are  made  as  to  whether  the  kinetic  energy  in  stratospheric  levels 
is  maintained  against  friction  through  such  a  vertical  transport  from  other 
levels,  or  whether  the  need  eel  supply  is  derived  from  convective  sources  in  situ. 

Zusammenfassung.  Auf  Grund  theoretiseher  Cberlegungen  wird  der  Soldo  13 
gezogen,  daB  der  Vertikaltransport  kinetischer  F.nergie  in  der  Atrnosphare 
von  ciner  horizontalen  Schicht  zu  eir.  *  anderen  einzig  durch  ein  Flaehen- 
integra!  fiber  die  Grenzflache  bestimmt  wird,  (lessen  -Integrand  das  Produkt 
aus  kinetischer  Energie  pro  Volumeinheit  und  der  Vertikalgescbwindigkoit 
ist.  Es  werden  t’berlegungen  angestellt,  ob  die  kinetischo  Energie  in 
Stratosphiirenschiehten  gegenubei  der  Reibung  durch  oinen  solchen  Vertikal- 
♦  ransfiort  aufrechterhaltcn  werden  karm  oder  ob  der  bendtigte  Naehsehub 
von  konvektiven  Quellen  in  der  Schicht  selbst  Htamrnt. 

Rdsumd.  So  fondant  sur  des  considerations  tbdoriques,  l’auteur  arrive  a 
la  conclusion  que  le  transport  vertical  d'dnergie  cinotique  dans  I'atmosphdre, 
d’une  couche  horizontale  ii  une  autre,  est  uniquement  ddtenninde  par  ttne 
integrate  de  surface  etendue  a  la  surface  limite  et  dont  l'integrande  est  dgale 
au  produit  de  1'dnergic  cindtique  [>ar  unite  de  volume  par  la  vitesse  verticals. 
II  discute  la  question  de  savoir  si  1’dnergie  cindtique  d’une  couche  strato- 
sphdrique,  en  raison  du  frottement,  est  maintenue  par  un  tel  transport  ver¬ 
tical  on  si  l’energie  d'entretien  provient  de  sources  convectives  de  la  couche 
elle-meme. 


1  The  research  reported  in  this  paper  has  been  made  possible  through 
the  support  of  the  Geophysics  Research  Directorate  of  the  U.  S.  Air  Force 
under  contract  AF  l9{604)-5223. 

Arch.  Met.  Gtoph.  Blok!.  A.  Bd.  12.  H.  1 
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1.  Introduction 

Meteorologists,  when  writing  about  the  phenomena  of  the  stratosphere 
are  often  wont  to  speculate  concerning  such  things  as  the  energy  sources 
for  the  motions  in  the  higher  regions  of  the  atmosphere.  These  ponder ings 
are  usually,  and  ]>erhaps  understandably,  rather  vague  and  diffuse — what 
with  the  lack  of  proper  observational  information  and  of  a  suitable 
theoretical  framework  within  which  observations  might  give  expression 
to  significant  over  all  physica !  facts  But  more  and  mre-e  sounding1’ 
reaching  high  altitudes  are  now  being  made  on  a  routine  basis,  and  it 
seems  to  me  that  the  formulation  of  precise  questions,  grounded  in  the 
most  reliable  principles  of  physics,  is  the  primary  business  of  the  research 
worker  in  this  field  who  wishes  eventually  to  secure  some  degree  of 
rational  understanding.  The  principles  of  physics  might  be  such  statements 
as  those  of  the  conservation  of  mass,  of  rnementum  and  of  energy,  etc. 
The  problem  requiring  resourcefulness  is  to  formulate  them  in  such  a 
fashion  as  to  make  possible  the  observational  study  of  the  manner  of 
their  fulfilment,  and  to  arrive  thereby  at  some  nontrivial  physical  con¬ 
clusions  pertaining  to  the  real  atmosphere.  The  eventual  accumulation 
of  such  deductions  should  then  lead,  ideally  at  least,  to  the  synthesis  of 
quantitative  models  of  various  types  (see,  e.  g.,  Starr  [2J).  What  follows 
is  an  attempt  to  take  one  simple  step  along  such  a  road. 


2.  Physical  and  Mathematical  Considerations 

We  shall  begin  by  considering  the  entire  atmosphere  as  being  divided 
into  two  horizontal  layers  by  a  closed  constant  level  surface  located  at 
some  appropriate  fixed  geodynamic  height  above  sea  level.  Assuming 
that  this  constant  elevation  is  plausibly  chosen,  vve  may  for  the  purpose 
of  our  discussion  name  the  entire  upper  region  the  “stratosphere,”  and 
the  lower  one  the  “troposphere.”  We  realize,  of  course,  that  certain 
liberties  are  thus  taken  with  standard  terminology,  although  it  may  later 
prove  that  something  less  drastic  is  also  amenable  to  precise  treatment. 

A  number  of  years  ago  the  writer  had  occasion  to  discuss  the  mechanical 
energy  equation  for  the  horizontal  components  of  motion  in  the  atmos¬ 
phere  (Starr  [/]).  I<et  us  write  this  equation  for  the  stratosphere  in 
the  form 


d 
d  l 


d  t 


Ul  -f  V2 
I) 


Vnds 


f 


p  div  V h  d  t 


~D 


(1) 


Here  u,  v  are  the  eastward  and  northward  components  of  particle  velocity, 
p  is  density,  p  pressure,  t  time,  dz  a  volume  element,  ds  an  element  of 
surface  of  t  he  volume  taken,  Vn  the  inw’ard  normal  component  of  particle 

velocity  across  the  boundary  surface,  V/,  is  the  horizontal  wind  vector 
and  D  is  the  total  rate  of  frictional  dissipation  of  kinetic  energy  in  the 
volume.  The  genesis  of  eq.  (1)  from  the  equations  of  motion  for  the 
horizontal  directions  and  the  general  continuity  equation  is  rather  obvious 
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and  will  not  lx-  repeated  here,  if  contains  the  statement  for  our  problem 
that  the  amount  of  kinetic  energy  of  horizontal  motions  in  the  stratosphere 
may  change  (left  hand  side)  as  a  result  of  advection  of  such  energy  across 
the  boundaries  of  the  stratosphere  (first  term  on  right),  or  as  a  result 
of  sources  of  kinetic  energy  in  the  volume  of  the  stratosphere  (second 
term),  or  as  a  result  of  work  done  against  friction  (third  term). 

In  the  long  term  average  the  total  kinetic  energy  in  the  stratosphere 
neither  increases  nor  decreases,  except  for  possible  minute  effects  which 
reflect  a  changing  climatic  regime.  On  the  other  hand  the  dissipation 
must  continuously  be  degrading  the  energy  of  stratospheric  motions. 
Hence  if  A  denotes  the  advection  of  kinetic  energy  into  the  stratosphere 
and  S  denotes  the  source  term  we  may  write  that  for  the  long  term  mean 

D  -.=  A  4  S  (2) 

that  is,  the  dissipation  must  he  made  goad  either  hy  an  advection  effect 
or  hy  a  generation  of  kinetic  energy  in  situ.  Our  entire  conception  of  the 
operation  of  the  stratospheric  circulation  depends  crucially  upon  the 
elucidation  of  how  this  equation  or  some  equivalent  of  it  is  satisfied  in 
actuality. 

l.et  us  examine  first,  the  adveetive  effect  A  for  the  stratosphere. 
The  upper  surface  may  be  eliminated  because  only  negligible  amounts 
of  kinetic  energy  are  exchanged  with  outer  space  (meteors  and  the  like). 
This  leaves  only  the  horizontal  internal  boundary  to  be  reckoned  with. 
It  follows  therefore  that  A  may  he  written  as  follows, 

r  UZ  j;2 

A  —  I  0  -  -  p  w  d  a  (3) 

where  da  is  an  element  of  area  of  the  internal  boundary  and  w  is  the 
upward  component  of  particle  velocity.  In  the  average  we  may,  with  a 
high  degree  of  precision,  write  that 

f  p  w  d  a  ----  0  (4) 

from  continuity  considerations.  Comparison  of  (4)  with  (3)  now  leads 
us  to  the  purely  mathematical  conclusion  that  if  A  is  to  be  non  zero, 
then  there  must  exist  a  correlation  between  ( u“  |  c2)/2  on  the  one  hand 
and  p u;  on  the  other.  Thus  if  A  were  to  be  positive,  p w  would  have  to 
be  positive  by  and  large  over  those  regions  where  (u2  -j~  t?2)/2  is  relatively 
large. 

It  is  to  be  specifically  stressed  a.  this  point  that,  due  to  the  physical 
circumstances  at  any  constant  level  in  the  atmosphere,  the  exchange 
of  kinetic  energy  in  the  vertical  takes  place  through  the  simple  action 
specified  by  eq.  (3),  without  any  other  significant  transport  mechanism. 

The  second  term  on  the  right  side  of  eq.  (1)  which  was  designated 
as  S  in  eq.  (2)  has  been  discussed  previously  by  the  writer  in  the  reference 
given  and  also  in  other  connections.  It  is  a  volume  integral  which  may 
be  written  with  sufficient  accuracy  for  our  problem  in  the  form 
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s  —  /  [  /  P  div  Ka  d  <7]  dz  (5) 

in  which  da  is  again  an  element  of  horizontal  area  and  dz  is  an  dement 
of  vertical  distance.  Since  we  know  that 


/ div  i 7 *  da  ~  0  (6) 

we  may  reason  ainnit  the  eqa.  (5)  and  (6)  in  the  same  manner  as  we  did 
in  regard  to  (3)  and  (4).  We  that  in  order  for  S  to  have  a  non- zero 
value  the  pressure  and  the  divergence  should,  at  least  at  some  level  be 
correlated  in  a  spacewiae  sense. 

In  our  problem  the  value  of  the  expression  (5)  for  iS’  is  difficult  to 
estimate  from  general  information  or  from  data,  unless  perhaps  its  form 
is  first  changed  in  order  to  eliminate  the  necessity  of  measuring  the  hori¬ 
zontal  divergence.  Let  U3  try  to  do  this.  We  may  first  write  that 

/  p  div  La  da  =  —/  I'*  •  A*  pda  (?) 

since  the  terms  formally  representing  the  difference  between  these  ex¬ 
pressions  integrate  to  zero  for  our  region.  We  now  define 


o 


dp  dp 

dt  ~  Lt 


+  K*  •  Vn  p  f  w  C.P 

v*  Z 


(«) 


whereupon  it  is  seen  that 

+  pd-c+fw^dx.  (9) 

The  second  integral  on  the  right  vanishes  since  the  long  term  average 
of  the  pressure  is  nearly  constant.  So  also  does  the  third  integral  which, 
on  hydrostatic  principles,  is  nothing  more  than  the  rate  of  change  of  the 
total  potential  energy  of  the  air  in  the  region  (or  essentially  its  total 
vertical  momentum  multiplied  by  the  acceleration  of  gravity). 

Only  the  first  term  now  remains.  By  use  of  the  thermodynamic  co¬ 
ordinate  p  in  the  place  of  the  geometrical  vertical  coordinate  ?,  hydro¬ 
statically,  we  have 

p» 

S  —  — Jcudt  —  —  f  Juxdodp.  (10) 

6 

In  ( 10)  x  is  the  specific  volume,  po  is  the  pressure  at  the  internal  boundary 
and  da  here  again  stands  for  an  element  of  horizontal  area  but  now 
following  a  given  pressure  surface.  The  last  term  is  the  same  quantity 
as  has  been  used,  for  example,  by  White  and  Saltzman  [-5]  to  measure 
the  generation  of  kinetic  energy  iri  the  troposphere. 

For  a  given  closed  isobaric  surface  in  the  stratosphere  it  may  lie 
shown  that 

J  co  da  ~  0.  (11) 

This  follows  directly  through  an  integration  of  the  continuity  equation 
in  the  form 
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CtP  -l  V-W-  »  (12) 

P 

where  the  divergence  of  the  wind  is  measured  along  an  iso  baric  surface. 
From  considerations  which  have  recurred  previously  in  this  discussion, 
a  comparison  of  the  inner  integral  of  the  last  term  in  (10)  with  eq.  (11) 
shows  that  a  given  closed  isobaric  surface  in  the  stratosphere  can  make 
a  non-zero  contribution  to  8,  if  and  only  if  there  exists  a  spaeewivw  cor¬ 
relation  of  tt>  and  a  over  the  area  of  the  iaobaric  surface.  The  fact  that 
a  few  iaobaric  surfaces  are  not  closed.  but  intersect  the  base  of  the  stratos¬ 
phere  probably  does  not  interfere  much  with  this  mode  of  thinking 
about  the  significance  of  the  u  cr  integral. 

We  observe  that  a  correlation  of  t  with  w  as  here  discussed  is  a  con¬ 
venient  means  for  the  specification  of  a  basic  convective  process.  Thus 
if  the  negative  values  of  u>  are  predominantly  associated  with  large  values 
of  a,  there  exists  a  positive  generation  of  kinetic  energy.  This  presumably 
would  signify  a  preponderance  of  rising  motions  of  warmer  air  and  a  cor¬ 
responding  sinking  of  equal  masses  of  colder  air.  It  appears  that  for 
this  form  of  S  there  is  present  some  chance  of  a  successful  observational 
assessment  of  the  energy  producing  action  in  the  stratosphere. 

3.  Discussion  of  Conditions  in  the  Real  Atmosphere 

1  must  confess  that  at  least  at  present  adequate  stratospheric  mea¬ 
surements  of  either  .1  or  of  S  are  not  at  my  disposal.  Some  small  begin¬ 
nings  in  this  direction  are,  however,  being  made.  White  and  Not. ah  [4\ 
have  been  interested  in  measuring  S',  while  certain  other  workers  have, 
at  my  suggestion,  beeome  interested  in  appraising  the  observational  pos¬ 
sibilities  of  measuring  A . 

In  a  general  sense  the  classical  view  has  been  that  at  least  the  lower 
stratosphere  is  a  passive  region  wherein  am  tendency  toward  direct  con¬ 
vective  action  is  suppressed  by  the  large  hydrostatic  stability  present. 
If  this  is  a  dominant  characteristic,  then  S  should  be  zero  or  negative 
making  the  portion  of  the  atmosphere  above,  let  us  say,  16  km  a  region 
of  forced  motion  on  the  average.  Such  a  view  is  strengthened  by  the  cir¬ 
cumstance  that  there  exists  a  eountergradient-  northward  flow  of  heat  at 
these  levels  (see,  e.  g..  White  (<<}). 

If  the  notion  of  an  inert,  passive  stratosphere  com  -ponds  to  real 
fact,  then  we  are  at  once  brought  to  the  concept  that  the  continuance 
of  motions  in  that  region  is  to  be  explained  by  a  vertical  transport  from 
other  convectively  more  active  layers  above  or  below,  through  the  aetion 
of  a  process  represented  by  an  integral  like  A.  In  that  case  although 
it  cannot  be  gainsaid  that  still  higher  layers  might  contain  sources  of 
kinetic  energy  which  could  be  transported  downward,  still  the  first  con¬ 
sideration  might  be  given  to  the  hypothesis  that  the  needed  supply 
originates  in  the  troposphere  and  is  fed  upward  across  levels  such  as 
16  km  or  thereabouts. 
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4.  Some  General  Comments 

Due  to  the  pivotal  nature  of  the  matters  dealt  with  in  the  preceding 
discussions,  several  additional  sidelights  are  not  without  justification. 
The  following  ones  present  themselves  to  the  writer. 

(a)  Although  our  data  still  leave  much  to  be  desired,  the  time  is 
corning  shortly,  if  indeed  it  is  not  already  here,  when  the  evaluation  of 
processes  such  as  those  dealt  with  in  this  paper  should  be  given  a  high 
priority  in  meteorological  research  endeavors.  Even  though  finally  con¬ 
clusive  results  may  not  appear  immediately  from  such  efforts,  the  partial 
insights  gained  would  stilt  be  of  no  small  importance,  and  should  en¬ 
courage  thinking  of  an  adequate  scope  and  suitable  perspective.  We  have 
seen  somewhat  comparable  sequences  of  events  during  the  past  decade 
or  two  concerning  other  matters  pertaining  to  the  mechanics  of  the 
general  circulation. 

(b)  In  the  manipulations  the  frictional  term  D  is  simply  the  work 
done  by  the  fluid  against  frictional  stresses  arising  from  the  viscosity  of 
the  fluid.  No  particular  mathematical  form  for  this  action  is  assumed 
here,  nor  is  any  assumption  made  concerning  the  disposal  of  the  energy 
involved— it  may  either  remain  in  the  fluid  in  the  form  of  heat,  potential 
energy  etc.,  or  it  may  l>e  communicated  to  contiguous  fluid  masses  by 
the  frictional  action  itself.  An  example  of  the  latter  effect  is  the  frictional 
transmission  of  kinetic  energy  from  the  lower  atmosphere  to  the  oceans 
which  therefore  gain  energy  thereby.  This  can  of  course  happen  only 
because  the  sea  surface  moves  in  response  to  the  surface  stresses  which 
can  therefore  perform  work  upon  the  water. 

It  is  an  open  question  whether  a  similar  action  might  not  take  place 
at  the  top  of  the  troposphere,  so  that  the  stratosphere  is  dragged  around 
by  friction  in  the  same  manner  as  the  oceans.  Much  here  depends  on 
what  we  might  conceive  as  comprizing  friction.  If  we  limit  the  term  to 
mean  only  molecular  viscosity,  then  the  drag  due  to  it  is  no  doubt  much 
too  small  to  cause  concern  and  all  other  actions  would  be  included  in  A. 
More  usually  meteorologists  include  as  friction  all  rather  small  scale  eddy 
effects  such  as  those  found  in  the  so-called  friction  layer  near  the  ground. 
With  such  a  convention  the  frictional  drag  across  levels  such  as  16  km 
would  probably  stilt  be  quite  small,  on  the  average.  Any  action  from 
eddies  of  appreciable  size  would  again  be  included  in  A. 

The  interpretation  of  the  entire  quant  ity  A  as  a  sort  of  gross  friction 
is  not  very  helpful,  if  for  no  other  reason  simply  because  we  do  not  know 
even  the  sign  of  the  viscosity  coefficient  which  would  be  involved.  Besides, 
we  desire  to  know  the  details  of  the  vertical  velocity  distribution  and  of 
its  correlation  with  the  kinetic  energy. 

(c)  The  primary  convective  actions  in  the  troposphere  take  place  at 
appreciable  elevations  above  the  earth’s  surface.  In  any  event  they  do 
not  take  place  in  their  entirety  within  the  confines  of  the  friction  layer. 
Yet  it  is  true  that  a  disproportionately  large  fraction  of  the  total  dis¬ 
sipation  of  kinetic  tnergy  does  take  place  in  this  bottom  layer.  It  there- 
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fore  follows  that  an  integral  of  the  form  .1  acting  across  moderate  eleva¬ 
tions  within  and  above  the  friction  layer  must  represent  an  extremely 
important  link  in  the  total  workings  of  the  general  riri  »!ation.  The  ad¬ 
visability  of  the  detailed  study  of  this  anticipated  phenomenon  is  mani¬ 
fest.  Plans  are  being  made  currently  to  investigate  it  from  data. 

(d)  It  may  be  noted  that  the  material  treated  is  primal  sly  of  a  mechani¬ 
cal  nature.  No  equation  of  state  has  been  used,  arid  hence  the  conclusions 
are  not  dependent  upon  any  such  particular  equation  for  the  atmosphere 
which  he  assumed. 

;<q  Hq.  (!)  requires  no  assumption  in  regard  to  the  presence  or  »b- 
sencf:  of  hydrostatic  balance,  although  the  further  manipulations  of  £>  do 
depend  upon  this  condition  Ix-ing  present.  Likewise  the  validity  of  eq.  (1) 
is  in  no  way  contingent  upon  the  smallness  of  the  vertical  velocities  in 
the  atmosphere,  although  this  latter  is  generally  the  case. 

(f)  As  was  stated  in  the  discussion  of  1948  by  the  writer,  transports 
of  kinetic  energy  horizontally  across,  let  us  say,  vertical  boundaries 
within  the  atmosphere  may  he  effected  through  the  work  done  by  pres¬ 
sure  forces  in  virtue  of  normal  velocity  components.  Such  a  term  arises 
in  addition  to  the  advert ive  term  in  such  a  case. 

Such  a  pressure- work  term  is  absent  in  our  equations  for  the  trans¬ 
port  of  kinetic  energy  across  horizontal  surfaces.  A  pertinent  consideration 
in  this  connection  is  that  in  our  present  case  the  pressure-work  term  would 
he  capable  of  transferring  kinetic  energy  of  vertical  motion  only  Even 
for  this  certain  departures  from  hydrostatic  balance  would  enter.  This 
explains  its  absence  from  our  discussions  in  this  paper  which  deals  with 
the  kinetic  energy  of  horizontal  motions  only. 

(g)  It  must  be  realized,  however,  that  when  the.  foregoing  analysis 
is  performed  in  pressure  coordinates  instead  of  geometric-  ones,  the 
simplicity  and  directness  of  the  resuits  arc  to  some  degree  lost.  Thus 
an  additional  boundary  term  involving  the  product  w  and  the  geo- 
potential  appears.  In  view  of  this  fact  one  may  question  the  adequacy 
of  the  approximation  made  when  a  constant  pressure  surface  is  arbi¬ 
trarily  substituted  for  the  constant  level  bottom  boundary. 
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The  meridional  transport  of  kinetic  energy 
across  latitude  per  unit  time  and  per  unit 
pressure  difference  is  given  by 

.  .  ,  23W  cos  li  r  /m2+vs\1  .  , 

W,  p, »)  - - [v  [---  jj.  (i) 

where  w  is  the  zonal  wind  speed,  v  is  the  mend- 
ional  wind  speed,  a  is  the  radius  of  the  earth, 
g  is  the  acceleration  of  gravity  and  the  brackets 
denote  an  average  with  respect  to  longitude, 
(cf.,  Starr  1948,  and  Kao  1954).  If  we  let 


x'&x-  f*l,  Tk  can  be  resolved  into  compo¬ 
nents  as  follows: 

Tk  -  Tk0  +  TkJ  +  7'k2  (2) 

2?r a  cos  $ 


T  hO~ 


& 

ma  cos  <f> 


[«V] 


2?ta  cos  tf> 


:os  &  T  ,  /  u*  +  v'*  \  1 

-- Lr(— 


Fig.  1.  Average  rate  of  poleward  eddy  transport  ot  kinetic  energy  at  500  mb.  The  so¬ 
lid  line  denotes  ( Tki  +  Ttj)  and  the  dashed  line  TfcI,  the  difference  being  Tkl-  W, 

S,  and  A  denote  the  winter,  summer,  and  annual  averages. respect; vely 

1  Now  at  Wright  Air  Development  Division,  Wright  *  Depattment  of  City  and  Regional  Planning. 
Patterson  Air  iorce  Base. 
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Table  r.  Average  rate  of  northward  eddy  transport  of  kinetic  energy  at  joo  mb.  A  bar  denote*  the  average 
and  S  (x)  ^  *  ifx1  -  'it  M  ‘  '*  the  error  of  the  average.  M  is  the  number  of  independent  data,  which  we 
have  taken  to  be  ba’f  the  number  of  days,  N.  Unit*  are  io,s  ergs  sec  ”  ‘mb"1.  Graphical  representation 

is  given  in  Figure  I. 
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Since  [v]  cannot  be  estimated  reliably  with 
existing  wind  data  it  is  not  feasible  to  measure 
Tk0.  !\ ,  and  Tj,2  can  be  measured  with  some 
confidence  using  geostrophic  winds.  The  results 
of  such  measurements,  based  on  hemispheric 
500  mb  data  for  each  day  of  1951,  are  summa¬ 
rized  in  Table  t  and  Figure  1  in  the  form  of 


averages  for  the  entire  year,  the  winter  half- 
year  (November  to  April)  and  the  summer  half- 
year  (May  to  October).  The  average  meridio¬ 
nal  convergence  of  kinetic  energy,  Ck  = 
is  given  in  Tabic  2  and  Figure  2. 

Since  Tk  is  a  cubic  function  of  the  wind  we 
should  expect  that  measurements  at  500  mb. 


Fig.  2.  Average  convergcncey  of  kinetic  energy  at  500  mb.  The  solid  line  denotes 
(CtI  +  Ctl)  and  the  dashed  line  CfcJ,  the  difference  being  Cfcl-  W,  S,  and  A  de¬ 
note  the  winter,  summer,  and  annual  averages,  respectively. 
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Table  2.  Average  meridional  convergence  of  kinetic  energy,  Ck  -  i)  Tk!3  p.  Units  are  1015  ergs  sec 
mb  ~  1  deg.  let-1.  Graphical  representation  is  given  in  Figure  3. 
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where  the  wind  speeds  arc  somewhat  less  than 
at  jet  stream  levels,  underestimate  the  average 
over  the  attire  depth  of  the  atmosphere  This 
is  in  agreement  with  the  results  reported  by 
Mintz  (1955),  Pisharoty  (1955)  and  Palmen, 
Rifhi  and  Vuorela  (1958),  who  discuss  multi¬ 
level  geostrophic  computations  of  (Tkl  +  Tki) 
for  a  tour  month  period. 

The  transports  of  kinetic  energy  can  be 
viewed  as  manifestations  of  the  non-unear  proc¬ 
esses  whereby  energy  is  exchanged  between 
harmonic  components  of  the  flow  (cf.,  Saltz¬ 
man  and  Fleisher  1960).  In  lower  latitudes 
transports  involving  interactions  between  the 
mean  zonal  current  and  the  eddies,  as  measured 
by  Tki,  are  more  effective  than  those  involving 


the  interactions  between  the  eddies,  as  meas¬ 
ured  by  Tki-  The  reverse  is  true  in  higher  lati¬ 
tudes. 

The  largest  transports  occur  between  30°  N 
and  50°  N,  leading  to  an  average  convergence 
of  kinetic  energy  into  the  polar  cap  north  of 
40*  N  of  the  order  of  1018  ergs  sec-1  mb-1.  This 
is  the  same  as  the  order  of  the  eddy  generation 
of  kinetic  energy  witliin  the  cap  measured  by 
6  -  <x>“ 

f  tOS  ^  [to'a'j dtj>  ( to  ~  dpjdt,  and  a  - 

,  J  , 

40 

specific  volume:  see  White  and  Saltzman 
1936,  Saltzman  and  Fleisher  1959,  and  Whn- 
Nieisen  1959). 
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Energy  Transformation  and  Vertical  Flux 
Processes  over  the  Northern  Hemisphere1 

Clayton  E.  Jenskn 

Air  Force  Institute  of  Technology 
Wright-P  alter  ton  Air  Force  Boot,  Ohio 

Abstract .  Three  integrals  iu  the  mechanical  energy  equation  have  been  statistically  evaluated 
at  a  function  of  a  broad  division  of  eddies  in  the  atmosphere  over  the  northern  hemisphere  far 
January  and  April  1958.  The  integral  of  the  product  of  the  instantaneous  pressure  change  and  the 
specific  volume  exhibits  two  significant  positive  {potential  to  kinetic  energy)  modes,  one  in  the 
boundary  region  from  1000  to  850  millibars  and  the  other  in  the  middle,  troposphere  from  700  to 
600  millibars.  The  integral  values  of  the  product  of  the  instantaneous  pressure  change  and  the 
potential  energy  are  about  an  order  of  magnitude  larger  than  the  values  computed  for  the  integral 
representing  the  transport  of  kinetic  energy.  The  three  integral  values  were  introduced  into  the 
mechanical  energy  equation  and  the  residual  was  taken,  ideally  at  least,  to  represent  the  dissi¬ 
pation  rate  for  the  horizontal  kinetic  energy  within  various  regions  of  the  atmosphere  up  to  50 
millibars.  These  dissipation  rates  compare  favorably  with  the  appropriate  estimates  by  Brunt. 


Introduction.  As  was  first  suggested  by 
Mar  gules  [1903],  the  significant  action  in  the 
transformation  process  which  produces  kinetic 
energy  in  the  atmosphere  appears  to  be  the 
simultaneous  rising  of  warm  air  and  sinking  of 
cold  air.  One  might  suspect  that  the  more 
vigorous  energy  transformation  processes  take 
place  in  the  lower  and  middle  troposphere  where 
baroclinieity  is  more  pronounced  and  where 
kinetic  energy  is  produced  at  the  expense  of 
potential  energy.  In  the  upper  troposphere  and 
lower  stratosphere  there  is  some  evidence  [White 
and  Nolan,  19591  of  a  reversal  of  this  process; 
i.e.,  kinetic  energy  is  transformed  into  potential 
and  internal  energy.  Studies  such  as  the  one 
just  cited  and  others  by  While  and  Saltzman 
[1956],  Saltzman  and  Fleieher  [1959],  and  Wiin- 
Nielsen  [1959]  have  had  the  limitations  of  a 
small  spatial  sample  and/or  the  use  of  values  in 
the  vertical  motion  term  for  only  one  surface 
or  for  only  one  layer. 

In  this  paper  we  have  evaluated  the  magnitude 
of  the  energy  transformation  processes  on  a 
hemispheric  basis  as  a  function  of  height  and 
also  as  a  function  of  a  rather  broad  division  of 
eddies,  i.e.,  the  so-called  standing  eddies  and 

1  This  research  was  performed  at  the  Massa¬ 
chusetts  Institute  of  Technology  in  partial  fulfill¬ 
ment  of  the  requirements  for  the  degree  of  Doctor 
of  Philosophy.  The  author's  current  address  is 
Headquarters  3rd  Weather  Wing,  Ofiutt  Air  Force 
Base,  Nebraska. 


the  transient  eddies.  In  addition  we  have  eval¬ 
uated  certain  vertical  flux  processes  involving 
potential  and  kinetic  energy  for  regions  of  the 
atmosphere  bounded  by  closed  pressure  surfaces. 
These  measures  of  the  vertical  flux  of  energy 
have  been  introduced  into  the  energy  balance 
equation  along  with  or  as  part  of  the  values  for 
the  energy  transformation  process  for  the  region 
in  question.  Any  residual  may  be  taken,  ideally 
at  least,  as  an  approximation  to  the  magnitude 
of  the  dissipative  action  within  the  same  region. 

The  mechanical  energy  equation.  To  obtain 
the  mathematical  expression  which  represents 
the  balance  equation  for  mechanical  energy,  we 
follow  a  technique  introduced  by  Starr  [1951] 
with  x,  y,  t,  t  coordinates  and  later  adapted 
by  Phillips  [1954]  to  the  x,  y,  p,  l  coordinate 
system.  The  horixontai  vector  equation  of  motion 
per  unit  mass,  with  hydrostatic  equilibrium 
assumed  and  pressure  used  as  the  vertical 
coordinate,  is 

~  +  /kXV+V,w-fF  =  0  (1) 

where  V  is  the  horixontai  wind  vector,  /  is  the 
horixontai  component  of  the  Coriolis  force,  k  is 
the  unit  vertical  vector,  <p  =  gz  is  the  geo  poten¬ 
tial  of  an  iso  baric  surface,  V ,  is  the  horisontal 
'del'  operator  along  a  constant  pressure  surface, 
and  F  is  the  horixontai  friction  force. 

If  we  take  the  scalar  product  of  (1)  and  V 
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and  expand  the  total  derivative,  letting  V>/2  =  K 
be  the  bonsontal  kinetic  energy,  io  =s  gz  4> 
be  the  potential  energy,  and  V  •  F  =*  D  be  the 
rate  of  dissipation  of  kinetic  energy,  all  per 
unit  mate,  we  obtain 


air 

+  V-V.  K  + 


dp  OK 
dt  dp 


+  V- V,  4-  -f  D  =  0  (2) 


If  the  hydrostatic  equation  in  the  form 


d$/dp  +  «  =  0  (3) 


the  scalar  product  of  the  horizontal  wind  and 
the  gradient  of  pressure  in  the  z,  p,  z,  t  coordinate 
system,  this  integral  may  be  transformed  into 
the  x,  |f,  p,  t  coordinate  system  as  follows: 

jfj  V-S7»  p  dx  dy  dz 

=  JJ  —  (cud1),]  ~  dy 

+  JJJ  <■ mx  dx  dy  (7) 


where  a  =  1/p  is  the  specific  volume,  and  the 
continuity  equation 

do /dp  +  V„  V  «  0  (4) 


where  the  integration  is  taken  between  two  closed 
pressure  surfaces. 

Thus,  we  define  the  following  processes  which 
are  represented  in  (6) : 


where  u  =  dp/ dt  are  used  (w  is  the  instantaneous 
pressure  change  representing  vertical  motion 
in  the  coordinate  system  where  pressure  replaces 
height  as  the  vertical  axis),  we  may  write  (2), 
the  mechanical  energy  equation  for  homontal 
motion,  as 


^  +  V,(K  +  *)V  + 

+  +  «  +  A 

dp 


(5) 


Integrating  (5)  over  the  mass  of  the  atmos¬ 
phere  between  closed  constant  pressure  surfaces, 
we  obtain 


If  ///  K 't  dx  dy 

+  JJ  [(uiK;,  -  (wK),]  jdy 
+  JJ  [(u>4>)«  —  (wh),]  —  dy 
+  JJJ  w  -J  dx  dy 
+  JJJ  D  ~  dx  dy  =  0  (6) 

where  the  subscripts  u  and  l  refer  to  the  upper 
(1000-mb)  and  lower  (50-mb)  boundary  values, 
respectively. 

Using  the  definition  of  the  ‘source’  of  kinetic 
energy  given  by  Sian  [i951|  as  the  integral  of 


JJ  [(w*).  —  (w'&ij]  ~  dy 

+  III  ^  T dx  dy 

—  transformation  process 


JJ  [(wK),  -  (wK),]  j  dy 

—  transport  process 


JJJ  D^dxdy 


dissipation  process 


where,  of  course,  the  sum  of  the  three  processes 
make  up  the  observed  change  in  the  horisontai 
kinetic  energy  of  the  portion  of  the  atmosphere 
being  sampled  between  two  closed  pressure  sur¬ 
faces.  It  is  noteworthy  that  the  integral  involving 
the  boundary  values  of  art  represents  in  essence  a 
transport  of  potential  energy,  and  yet  it  more 
rigorously  belongs  with  the  energy  transforma¬ 
tion  process  and  is  a  consequence  of  the  slope  of 
pressure  gurfaces  relative  to  constant  heights. 

The  vertical  motion  equation.  In  the  present 
study  an  attempt  is  made  to  examine  the  integral 
of  on  as  well  as  the  integrals  of  < o4>  and  w* 
horiaontally  over  the  northern  hemisphere  north 
of  2Q°N  and  vertically  by  pressure  increments 
within  the  layer  from  1000  to  50  mb. 

The  crucial  measurement  is  the  one  involving 
the  instantaneous  pressure  change  or  the  vertical 
motion  term, «.  If  we  expand  the  total  derivative 
of  temperature  with  respect  to  time  in  the 
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equation  which  expresses  the  first  law  of  thermo¬ 
dynamics  for  our  atmosphere,  and  assume 
adiabatic  changes,  wo  obtain 

_  „  ,ggZgL±JLaX  (g) 

PS  s/c,  +  ar/dt 

where  T  is  the  temperature  and  e,  ia  this  specific 
heat  at  constant  pressure. 

It  is  interesting  to  note  that  the  left-hand  side 
of  (8)  is  the  weii-knowe  approximate  cxpreaeiiWi 
for  the  vertical  velocity,  to  [see  Chaney,  1948, 
for  example].  The  expression  on  the  right-band 
side  of  (8)  was  evaluated  for  several  pressure 
layers  from  actual  upper-air  data  taken  every 
12  hours  at  approximately  100  stations  over  the 
northern  hemisphere  for  the  months  of  January 
and  April  1958.  All  the  individual  components 
of  the  right-hand  side  of  (S)  except  one  are 
readily  determined  from  available  constant-pres¬ 
sure  data.  The  one  exception  is  the  term  V  •V.T, 
which  represents  the  mean  temperature  advec- 
tion  within  the  layer.  The  evaluation  of  this  term 
was  accomplished  in  a  manner  somewhat  similar 
to  the  technique  first  presented  by  Panaftky 
[1944]. 

The  final  expression  submitted  in  the  finite- 
difference  form  for  machine  computational  pur¬ 
poses  and  designed  to  give  the  12diour  time- 
averaged  vertical  velocity  (with  equivalence  to 
a  noted)  for  a  specified  isobaric  layer  and  for  a 
specified  station,  using  the  data  from  that  station 
only,  is  as  follows; 


Stctutical  analytis.  Computation  of  the  verti¬ 
cal  motion  by  means  of  (9)  permits  examination 
of  the  variability  of  this  quantity  itself  and  also 
of  its  statistical  interrelationships  with  param¬ 
eters  such  as  a,  $,  and  x  as  a  function  of  specified 
layers  up  to  the  top  of  the  atmosphere.  Seven 
layers  were  selected  for  this  study,  namely, 
1000-850,  850-700,  700-500,  500-300,  300-200, 
200-100,  and  100-50  mb.  The  vertical-motion 
data  computed  by  (8)  and  the  associated  12-hour 
mean  temperatures  were  tabulated  by  12-hour 
periods  for  the  months  of  January  and  April 
1958  and  for  approximately  100  stations  located 
north  of  20°N.  The  mean  temperature  was  used 
in  lieu  of  the  specific  volume  in  the  actual 
evaluation  of  that  portion  of  the  transformation 
process  represented  by  the  integral  of  ota. 

In  the  statistical  treatment  of  the  integrals 
containing  un,  <Jb,  and  ox,  we  follow  doaely  the 
technique  first  applied  to  hemispheric  data  by 
Starr  and  White  [1952]  and  adopt  the  bar  nota¬ 
tion  for  the  time  average  of  a  quantity  between 
specified  limits,  the  bracket  for  the  sonai  s  /erage, 
and  the  brace  for  the  meridional  average. 
Further,  the  notation  of  a  single  prune  denotes 
the  eddy  or  turbulent  fluctuations  of  the  quantity 
about  its  time  average,  a  double  prime  the 
deviation  about  its  sonai  average,  and  a  triple 
prime  the  deviation  about  its  meridional  average. 

Inasmuch  as  we  do  not  integrate  over  the 
entire  atmosphere  nor  do  we  perhape  take  a 
long  enough  sample  in  time,  it  is  posable  for 


iffi+JWI. 

-  i(Ti  +  T.) 

h  (T,  +  T„  (S80)(180) 

”  SL+l\h~J 

e,  2  L  AA 

1  {"*  A<r  A*r 

.51**25  .„+**£ 

&l  +7’*-;r>  1 

M-Q  AA 

1  i<r'  +  «  i-  - 

JUi 

«,  3 

t,  -  r,  I  t,  -  r, 

.  AA  U  1  AA 

(®) 


where  the  subscripts  1  and  2  refer  to  the  higher 
and  the  lower  pressure  surfaces,  respectively,  As¬ 
ia  the  change  in  wind  direction  in  degrees  of  the 
compass  computed  as  the  wind  direction  at  the 
lower  pressure  surface  minus  the  wind  direction 
at  the  higher  pleasure  surface  measured  positive 
clockwise  from  north,  AA  is  the  thickness  between 
the  two  preemre  surfaces,  and  r  is  the  wind  speed. 


the  mean-motion  term*,  suds  as  {[«)){( 5*]],  to 
have  questionable  nonsero  values,  which,  how¬ 
ever,  are  cannot  hope  to  measure  separately. 
Thus,  to  get  a  more  representative  value  of  the 
total  contribution  from  the  individual  trans¬ 
formation  and  transport  integrals,  we  subtract 
the  poeeihly  spurious  mean-motion  term  from 
both  sides  of  the  eddy  correlation  equations, 
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TABLE  I.  Mm  Verticil  Motion  in  Centimeter*  per  Second  by 
Praeeura  Layer  end  by  Latitude  for  Jenuery  1958 


Latitude 

Layer,  mb 

20* 

30* 

40* 

50* 

60* 

70* 

80* 

1000-850 

0.281 

0.728 

1.301 

1  302 

0.678 

0  567 

0.347 

850-700 

-0.038 

-0  128 

0  317 

0.711 

0.460 

0.186 

0.011 

700-500 

-0.087 

-0.214 

0  125 

0  503 

0  080 

-0.200 

0.133 

600-300 

0  060 

-0  061 

0  008 

0.411 

0.107 

-0.253 

-0.044 

300-200 

-0.531 

0.403 

0  033 

0.104 

-0.117 

-0.042 

-0.306 

200-100 

-0  038 

0.006 

-0.081 

-0.081 

-0.106 

-0  030 

-0.081 

100-50 

0.007 

-0.017 

0  031 

0.014 

0.030 

0  206 

-0.130 

with  the  result  (shown  only  for  the  eeae  of  u 
end  T)  thet 

(Mil  -  IMIlirJI  -  \&rT']\ 

+  (£"?" j|  +  (io) 

The  following  equivalence*  ere  noted  reletive  to 
the  mechenicel  energy  equation  (0),  and  we  now 
introduce  the  vertical  integration  with  rcepect 
to  pressure  ae  denoted  by  the  paren three*  and 
further  aaeume  that  lower  (60-mb)  boundary 
values  vanish  in  the  integral*  of  «♦  and  we: 

*9  [(CrDI  -^l(M)ll(ir»l 

*»  +fff  «*»  dr  dy  (11) 

\  :iWI  -  J  1(H))  I (!*])! 

■=  4'jy  «♦  ~  dy  (12) 


;I(MC])|  —  ~  1(H))  l([K])| 

t  t 

-+fJuK^dy  (13) 

It  is  seen  from  (10)  that  the  integral*  of  u T, 
«+,  and  u*  can  each  be  resolved  into  contri¬ 
bution*  from  three  eddy  proceecse,  namely,  the 
transient  eddies,  the  standing  eddies  (sonsl),  and 
the  standing  eddies  (meridional). 

Vortical  motion  and  Umperaluro  results.  The 
January  latitudinal  averages  of  the  vertical 
motion,  in  centimeters  per  second,  for  each  of 
the  pressure  layers  are  listed  in  Table  1,  and  the 
corresponding  values  for  April  are  listed  in 
Table  2. 

The  January  and  April  mean  values  of  tem¬ 
perature  in  degrees  Kelvin  as  a  function  of 
pressure  layer  and  latitude  are  listed  in  Tables 
3  and  4. 

Figure  1  shows  the  January  sonal  averages  of 
the  atmospheric  vertical  mc*:o^  as  a  function 


TABLE  2.  Mean  Vertical  Motion  in  Centimeters  per  Second  by 
Premure  layer  and  by  Latitude  for  April  1058 


Premure 
layer,  mb 

latitude 

20* 

30* 

40* 

50* 

60* 

70* 

80“ 

1000-850 

0.162 

0.225 

0.614 

0.861 

1.133 

0.639 

0.060 

850-700 

-0.063 

0.175 

0.617 

0.678 

0.607 

0.428 

0.128 

700-500 

0.192 

0.117 

0.042 

0.131 

0.161 

-0.022 

-0.011 

500-300 

0.003 

-0.311 

-0.722 

-0.320 

0.631 

-0.064 

-0.281 

300-200 

0  222 

0.028 

-0.256 

0.372 

0.375 

0.475 

0.511 

300-100 

-0.068 

-0.063 

-0.072 

0.015 

-0.010 

0.014 

-0.103 

100-50 

-0.041 

0.026 

0.094 

0.066 

0.024 

0.007 

0.012 
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TABLE  3.  Mean  Temperature  in  Degrees  Kelvin  by  Pressure 
Layer  and  Latitude  for  January  1938 


Latitude 


rreeeure 
IjiVfcr,  mb 

20* 

30° 

40° 

50° 

60° 

70° 

80“ 

1000-850 

288.8 

282.2 

272.6 

264.7 

268.4 

251.9 

247.6 

850-700 

283.0 

278.1 

288.6 

262.4 

266.  S 

251.0 

247  9 

700-500 

273  0 

265.6 

257  8 

261.6 

246.6 

242.6 

240.3 

500-3G0 

256.9 

244  7 

238  3 

232  7 

228.3 

224. S 

223.8 

300-200 

228.2 

224.6 

221.3 

218.0 

216.3 

212.8 

210.9 

200-100 

207. S 

212.0 

216  8 

216  9 

214.6 

212.9 

212  0 

100-50 

204  0 

209  7 

215.8 

218.6 

217.5 

216.0 

213.4 

of  latitude  and  as  a  function  of  the  following 
layers:  1000-50,  850-50,  700-50,  and  500-50  mb. 
Figure  2  is  the  comparable  presentation  for  April. 
Both  figures  also  have  the  zonal  average  of 
temperature  for  the  layer  from  1000  to  50  mb 
plotted  as  a  function  of  latitude.  In  general,  the 
combined  effects  of  the  vertical  motion  and 
temperature  curves  in  Figures  1  and  2  tend  to 
support  the  historical  feature  of  a  strong  indirect 
meridional  cell  in  mid-latitudes  with  the  sugges¬ 
tion  of  less  intense  direct  cells  to  the  north  and 
to  the  south.  The  indirect  eell,  or  one  with  rising 
cold  air  and  sinking  warm  air,  appears  to  be 
quite  striking  and  gives  credence  to  ideas  pre¬ 
sented  by  Ford  11856]  and  subsequently  modified 
by  Rouby  (194  lj.  The  peak  value  of  the  cellular 
motion  of  approximately  0.3  cm/aec  for  the  layer 
from  700  to  50  mb  compares  reasonably  well 
with  the  peak  value  of  about  0.1  cro/aec  found 
for  the  month  of  February  1959  by  Saltzman  and 
Fleither  [1959]  who  used  vertical-motion  data 
obtained  by  the  numerical  weather  prediction 
method.  Phillip*  [1954]  found  that  the  simple 


baroclinic  waves  in  his  two-level,  quasi-geo- 
strophic  model  are  accompanied  by  a  weak 
meridional  circulation  pattern,  similar  to  the 
observational  evidence  of  Figures  l  and  2  but 
with  a  somewhat  reduced  maximum  vertical 
motion  of  about  0.05  cm/sec. 

In  the  long-time  mean,  the  area  under  each  of 
the  vertical-motion  curves  in  Figures  1  and  2 
should  he  zero  when  dosed  pressure  surfaces  over 
the  whole  hemisphere  are  considered.  The  actual 
values  of  the  integrals  are  listed  in  Table  5. 

The  integrated  values  of  the  vertical  motion 
given  in  Table  5  decrease  in  algebraic  magnitude 
as  the  lower  layers  of  the  atmosphere  are  con¬ 
secutively  eliminated  from  the  computations.  In 
fact,  the  values  for  April  pass  through  the  null 
point.  A  zero  value  for  the  integral  appears  to 
occur  for  a  lower  boundary  of  about  700  mb 
when  tire  combined  January  and  April  data 
(Table  5)  are  considered.  This  suggests  the 
influence  in  the  lower  atmosphere  of  two  effects 
which  were  neglected  in  the  computations.  First, 
the  nonadiabatic  effects  would  have  to  act  in 


TABLE  4.  Mean  Temperature  in  Degrees  Kelvin  by  Pressure 
Layer  and  by  Latitude  for  April  1958 


Layer,  mb 

20° 

30° 

40° 

50° 

60° 

70* 

80' 

1000-850 

291  5 

285.9 

279  3 

273.3 

267.6 

257.1 

248.5 

850-700 

285.7 

281.4 

274  3 

267.3 

261.4 

254.2 

248.8 

700-500 

274.5 

289.3 

262  5 

255. G 

250.0 

243.9 

238  9 

500-300 

252.6 

247.3 

241  4 

235  5 

231.6 

228.5 

226.5 

300-200 

228.8 

224.7 

222  3 

220.7 

219.7 

222.3 

225. 3 

200-100 

208.4 

210  6 

214.8 

219  l 

221.7 

223.6 

224  8 

100-50 

205.2 

210  7 

210  2 

220.0 

222.0 

223  0 

221  6 
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Fig.  1.  Mean  vertical  Button  and  mean  temperature  u  a  function  of  latitude  and  pleasure  layer 

for  January  1968. 


Uie  sense  of  a  net  cooling  in  order  to  influence 
the  computed  vertical  velocities  in  the  upward 
or  positive  sense.  For  the  lower  layers  of  the 
atmosphere,  at  least,  this  would  seem  to  rule 
oat  the  neglect  of  the  nonadiabatic  effects  as 
being  the  dominant  cause  of  the  seemingly  large 
positive  values  of  vertical  motion.  Hie  second 
influence  involves  the  nongaoeirophie  effects 
within  the  friction  layer  which  may  be  defined 
as  the  portion  of  the  atmosphere  below  800 
meters.  Within  this  layer,  the  wind  veers  with 
height  approximately  in  accordance  with  the 
Ekman  [19031  spiral,  where  the  angle  between 
the  actual  wind  at  anemometer  level  and  the 
geoetrophic  wind  at  the  top  of  the  friction  layer 
is  about  30*  [Taylor,  1915].  The  veering  of  the 

TABLE  5.  Integrated  Values  of  the  Vertical 
Motion  in  Centimeters  per  Second  by  Press] in 
Layer  between  20  *N  and  80 'N  for 
January  and  April  1958 


Pressure  layer,  mb 

January 

April 

1000-50 

+0.1703 

+0.1330 

850-60 

+0.0501 

+0.0628 

700-60 

+0.0149 

-O.OOlfl 

800-50 

+0,0045 

-0.C518 

wind  with  height  implies  warm -air  advection 
from  the  thermal  wind  relation.  This  latter 
relation  was  applied  in  evaluating  the  tern, 
perature  advection  term  in  (9),  but  actual  rather 
than  geoetrophic  winds  were  used;  thus  there  is 
a  strong  possibility  that  nongeostrophic  effects 
produced  a  systematic  positive  error  in  the 
computations  of  vertical  motion  for  the  layer 
from  1000  to  850  mb.  Some  of  this  effect  un¬ 
doubtedly  extends  into  the  next  higher  layer 
(850  to  700  mb)  since  there  is  an  indication  in 
Tables  1  mid  2  that  the  vertical  motion  for  tins 
layer  is  perhaps  too  great  on  the  positive  ride. 
In  general,  Table  5  shows  that  the  layer  from 
700  to  50  mb  is  fairly  representative  of  quasi- 
geoetrophic  conditions  in  the  free  atmosphere 
when  the  integrated  values  of  vertical  motion 
for  both  January  and  April  are  considered. 

Energy  transformation  due  to  vertical  motion  and 
temperature  ©  variance.  The  energy  transforma¬ 
tion  rates  due  to  the  transient  eddies  and  to  the 
standing  eddies  (svnal)  shown  in  (10)  have  been 
added,  and  the  results  appear  in  tabular  form  in 
Table  6  and  as  a  function  of  pressure-height  in 
figure  3.  The  curves  for  January  and  April  show 
the  same  two  positive  modes,  the  lower  one  in 
the  boundary  region  from  1000  to  850  mb  and 
the  other  in  the  mid -tropospheric  region  from 
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n*  2.  Mean  vertical  motion  and  mean  temperature  as  a  function  of  latitude  and  pressure  layer 

for  April  1958. 


700  to  500  mb.  The  lower  and  more  predominant 
mode  in  the  boundary  region  is  questionable 
because  of  previoualy  discussed  nongeostrophic 
Kid  nonadiab&tic  effects.  On  the  other  hand, 
this  could  be  a  realistic  phenomenon  and  a 
reflection  of  observed  low-level  convergence  and 
divergence.  The  prominent  positive  mode  in  the 
mid-tropospheric  region  centered  at  about  600 
mb  is  quite  significant  and  not  wholly  unexpected , 
There  seems  to  be  little  doubt  that  tliia  is  a 
region  in  the  atmosphere  where  energy  trans¬ 


formation  processes  take  place  in  a  very  effect i  ve, 
organised  manner.  The  curve  for  April  gradually 
turns  negative  at  about  200  mb  and  remains  so 
above  that  surface.  The  curve  for  January 
oscillates  between  negative  and  positive  values 
above  400  mb  and  finally  turns  to  negative  values 
above  100  mb. 

SolLtman  and  Flasher  {1959}  obtained  a  value 
of  2,682  ejgs/cm'  sec  mb  lot  the  total  or  net 
rate  of  energy  transformation  tor  the  month  of 
February  1959.  They  used  thickness  data  for 


TABLE  6.  Energy  Transformation  Bates  Lhie  to  the  Transient  Eddies  and  to  the  Standing 
Eddies  (Zonal)  Listed  aa  a  Function  of  Pressure  layer  for  January  and  April  1958 
( I  inita  are  er®»/cm’  *ec  mb.  Positive  value*  signify  a  transformation  from  potential  to  kinetic  energy. ) 


Pressure 

I .Ayer,  mb 

January 

April 

Transient 

Eddies 

Standing 

Eddies 

(sonal) 

Total 

Transii 

Eddies 

Standing 

Eddies 

(sonal) 

Total 

1000  850 

3.068 

5.905 

8.973 

0.616 

5.845 

6.461 

860-700 

2.338 

1.739 

4.077 

2.410 

1.202 

3.613 

700-600 

3.496 

3.531 

7.026 

1.953 

2  238 

4.191 

600-300 

1 .057 

3.233 

4.290 

2,146 

0.219 

2  365 

300-200 

-1.392 

1.057 

-0.335 

1.450 

-0.950 

0.500 

200-100 

-0.246 

1 ,624 

1.378 

-0.594 

-0  273 

-0.867 

100-50 

-0  422 

-0.405 

-0  827 

-0.144 

-0.625 

-0.769 
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Fig.  3.  Energy  transformation  rates  due  to  the 
combined  effect  of  the  transient  eddies  and  the 
standing  eddies  (isonal)  n*  ft  function  of  pressure- 
height  for  the  layer  from  1 000  to  SO  mb  for  January 
1058  (solid  curve)  and  April  1958  (dashed  curve). 

the  layer  from  850  to  500  mb  to  obtain  the  field 
of  temperature  with  values  of  u  computed  at 
600  mb  obtained  from  the  Joint  Numerical 
Weather  Prediction  Unit  two-parameter,  quaei- 
geoatrophic,  adiabatic,  frietionksa  model.  Value* 
of  the  transformation  rate*  between  880  and  500 
mb  for  January  (Table  6),  integrated  and  com¬ 
bined  with  the  tropospheric  contribution  of 
—  1 .488  ergs/ cm*  sec  mb  for  the  remaining  stand¬ 
ing  eddies  (meridional),  would  yield  a  net 
transformation  rate  of  4.274  ergs/ cm’  sec  mb, 
which  is  somewhat  larger  than  the  corresponding 
one  obtained  by  Saltzman  and  Fleisher. 

Energy  transformation  due  to  vertical  motion  and 
potential  energy  covariance.  From  (6)  and  (7)  it 
is  shown  that  the  integral  of  ua  plus  the  integral 
of  «♦  jointly  represent  the  energy  transformation 
process.  The  integral  of  is  evaluated,  how¬ 
ever,  as  a  boundary  value  of  the  flux  of  potential 
energy  through  some  arbitrary  pressure  surface 
with  unite  of  ergs/cm*  sec. 

Since  the  integrals  of  ufo  and  uc  in  (6)  both 
entail  boundary  values,  it  would  appear  reason¬ 
able  to  dispense  with  both  integrals  by  specifying 
boundary  conditions  such  that  both  integrals 
vanish.  This  seems  to  be  not  too  unrealistic, 
since  *0  at  the  outer  limits  of  the  atmosphere 
and  einee  it  is  difficult  to  visualise  a  flux  of 
kinetic  or  potential  energy  through  the  surface 
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of  the  earth.  If  this  is  the  case,  the  roles  played 
by  the  integrals  of  ovt  and  out  in  (8)  are  probably 
nothing  more  than  those  involving  some  internal 
adjustmento  which  are  required  in  response  to 
the  energy  transformation  function  represented 
by  the  integral  of  ow. 

It  appears  worthwhile,  however,  in  considera¬ 
tion  of  the  energy  balance  equation,  to  investigate 
the  magnitude  of  the  3ux  of  kinetic  energy  as 
well  as  that  of  the  flux  of  potential  energy.  The 
former  is  treated  in  detail  in  a  later  section,  and 
we  are  indebted  to  Roberts  {1900]  for  the  values 
of  the  flux  of  potential  energy  which  are  listed 
In  Table  7  as  a  function  of  pressure  layer  and 
eddy'  process  for  January  1958. 

The  contribution  from  the  transient  eddies  in 
Table  7  is  negative  up  to  300  mb  and  becomes 
positive  within  the  layer*  from  300  to  200  mb 
and  100  to  60  mb.  This  suggests  that  rising 
motion  is  associated  with  troughs  and  sinking 
motion  with  ridges  in  the  troposphere,  whereas 
the  reversal  of  the  sign  of  the  flux  above  300  mb 
suggests  an  opposite-phase  relationship  in  certain 
layers  of  the  stratosphere,  with  ascending  motion 
in  ridges  and  descending  motion  in  troughs.  This 
phase  shift  has  been  previously  noted  for  the 
upper  stratosphere  by  Kochanski  [1954]  and  by 
Austin  and  Kramti  [1956]. 

Energy  transport  due  to  vertical  motion  and 
kinetic  energy  covariance.  This  transport  process 
is  represented  by  (13).  A  cursory  examination  of 
the  hemispheric  distribution  of  the  covariance 
between  vertical  motion  and  horisontsl  kinetic 
energy  shows  that,  in  general,  and  for  both 
months,  there  is  a  net  upward  flux  of  kinetic 

TABLE  7.  Vertical  Flux  of  Potential  Energy  as  a 
Function  of  Pressure  Layer  and  Eddy 
Process  for  January  1958 

(Units  are  crga/cin*  eec.  Positive  values  signify 
an  upward  flux  of  potential  energy. ) 


Standing 

Standing 

Pressure 

Transient 

Eddies 

Eddie* 

Layer,  mb 

Eddies 

(zona) ) 

(meridional) 

1000  -850 

—322.5 

-2749.5 

-137  4 

850-700 

-  1263  2 

-207.3 

-2158.0 

700-500 

—  241  3 

+  1049.4 

- 1673 . 1 

500-300 

-465  2 

+  747 .2 

-576  9 

300-200 

+756.2 

+  270.9 

+205.6 

200-100 

-102  8 

+  338.3 

+  108  0 

100-50 

+  107  9 

-48.0 

-78  2 

-350- 
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TABLE  8.  Vertical  Transport  of  Kinetic  Energy  Due  to  the  Three  Eddy  Proccsere  Integrated  with 
Respect  to  Longitude  and  Listed  as  a  Function  of  Pressure  Layer  for  January  and  April  1058 
(Units  are  ergs/em*  see.  Positive  values  signify  an  upward  transport  of  borisontal  kinetic  energy.) 


Treasure 
Layer,  mb 

January 

April 

Tr&ftta&nt 

Eddies 

Standing 

Eddies 

{ local) 

Standing 
Eddies 
(meridional ) 

Transient 

Eddies 

Standing 

Eddies 

(zonal) 

Standing 

Eddies 

(meridional) 

1000-830 

306.43 

80.37 

70  79 

2lfi  70 

156.18 

23.26 

830  700 

169.35 

-22.83 

34.40 

220.90 

91 .92 

45.67 

700-500 

18  40 

-158  08 

5.12 

71.84 

3  20 

-6.72 

1000-500 

147.06 

-37.37 

46.71 

.59  95 

78.15 

19.71 

energy  due  to  the  transient  eddies  for  the  layers 
1000-850,  850  -700,  and  700-500  mb.  This  seems 
contradictory  to  intuitive  reasoning,  which  would 
lead  one  to  suspect  that  the  flux  of  kinetic  energy 
should  be  directed  downward  in  order  to  balance 
the  dissipation  of  kinetic  energy  in  the  boundary 
region.  By  the  same  token,  however,  one  might 
also  reason  that  there  should  be  an  upward  flux 
of  kinetic  energy  in  order  to  help  maintain  the 
strong  westerlies  against  dissipative  action.  It 
has  been  shown  by  Starr  and  White  [1951J,  for 
example,  that  angular  momentum  is  transported 
poleward  mainly  by  the  transient  eddies  and  that 
this  flux  of  momentum  also  helps  to  maintain  the 
westerlies.  Both  the  vertical  transportation  of 
kinetic  energy  and  the  poleward  transportation 
of  angular  momentum  are  directed  against  the 
gradient  of  a  wind  velocity.  The  significance  of  a 
net  positive  value  of  the  covariance  between 
vertical  motion  and  horizontal  kinetic  energy  is 
that  rising  motion  must  occur  predominantly  in 
regions  of  maximum  wind  velocity.  In  the 
synoptic  sense,  this  means  that  on  the  average 
there  must  be  stronger  winds  to  the  lee  of 
troughs  where  rising  motion  is  normally  evident. 
The  vertical  transport  of  kinetic  energy  due  to 
the  three  eddy  processes  is  shown  in  Table  8. 

Energy  balance  results.  From  a  scale  factor 
analysis  the  values  obtained  for  the  integral  of 
cu$  should  be  about  an  order  of  magnitude  larger 
than  the  values  for  ox,  or  approximately  equal 
to  the  ratio  of  the  Coriolis  parameter  to  the 
relative  vorticity.  This  appears  to  be  home  out 
fairly  well,  as  can  readily  be  verified  by  com¬ 
paring  Tables  7  and  8. 

The  integrals  in  the  mechanical  energy  equa¬ 
tion  (6)  representing  energy  transformation  and 
vertical  flux  processes  have  been  individually 


evaluated  for  various  pressure  layers.  The  sum 
of  these  integral  values  should  balance,  ideally 
at  least,  the  dissipation  of  horizontal  kinetic 
energy  within  the  region  of  the  atmosphere  being 
sampled.  In  this  analysis,  the  contributions  due 
to  the  standing  eddies  (meridional)  will  be 
omitted,  since  these  values  are  not  considered 
to  be  as  stable  as  the  contributions  computed  for 
the  two  other  eddy  processes.  Using  Tables  6,  7, 
and  8  for  data  for  the  integral  values  of  ua, 
and  uk,  respectively,  we  have  computed  energy 
dissipation  rates  for  selected  layers  of  the 
atmosphere  for  January  1058  (Table  0).  For  the 
layers  which  extend  to  50  mb  the  flux  of  energy 
across  that  pressure  surface  is  neglected.  This 
appears  to  be  justified  by  the  small  net  flux  of 
potential  energy  shown  in  Table  7  for  the  layer 
from  1O0  to  50  mb.  Iu  addition,  the  flux  of  kinetic 
energy  is  probably  negligible  at  high  levels;  for 
example,  the  kinetic  energy  flux  has  been  com¬ 
puted  by  HamroU  and  Lambert  [1960J  to  be 
approximately  10  ergs/cm*  sec  for  the  layer  from 
200  to  100  mb  for  April  1958.  It  is  also  assumed 
(Table  9)  that  the  transports  of  potential  energy 
and  kinetic  energy  vanish  at  1000  mb,  which  is 
taken  to  be  the  surface  value  of  pressure  at 
Zt  «•  0.  Furthermore,  lie  flux  of  kinetic  energy 
is  neglected  above  500  mb,  and  this  seems 
justified  since  it  is  an  order  of  magnitude  smaller 
than  the  flux  of  potential  energy. 

A  separation  of  data  in  Table  9  is  made  in 
order  to  distinguish  between  the  dissipation  rates 
computed,  in  general,  for  rather  deep  layers,  each 
extending  to  50  mb,  versus  the  rates  computed 
for  rather  shallow  layers  with  depths  cf  from 
50  to  75  mb. 

Brunt  [1941]  estimated  the  energy  dissipation 
rede  to  be  approximately  —3000  ergs/cm9  sec  in 
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TABLE  9.  Energy  Dissipation  It*U*  within 
Certain  Atmospheric  layers  for  January 
195S  (m  erfs/cm’  tee) 


Preteure 

Layer, 

mb 

(«*). 

-(w+h 

(«K). 

-(«Kh 

Energy 

Dissi¬ 

pation 

Rates 

1000-50 

+4283.6 

0 

0 

-4283.6 

925-50 

+3610.7 

-3072.0 

+386.8 

-925.5 

850-50 

+2937.7 

-2271.3 

+261.7 

-928.1 

775-50 

+2631.9 

- 1470.5 

+  136.5 

-1297.9 

700-50 

+2326.1 

-662.4 

-1.6 

-1662.1 

600-  m 

+  1623.5 

+808.1 

-139.7 

-2291.9 

50050 

+920.9 

+695.1 

— 1516.0 

400-30 

+491.9 

+282.0 

-773.9 

300-03 

+6S2.9 

+654.8 

-737.5 

250-50 

+79.6 

+  1027.1 

-1106.7 

200-50 

+96.4 

+631.3 

-727.7 

150-50 

+87.6 

+236.5 

-263.0 

100-50 

-41.4 

+147.7 

—  100.3 

1000-925 

+672.9 

+3072.0 

-386.8 

-3358.1 

925-850 

+672.9 

-800.7 

+  125.1 

+2.7 

850-775 

+306.8 

-800.8 

+  125.2 

+398.8 

776-700 

+305.8 

-808.1 

+  134.9 

+367.4 

700-600 

+702.6 

-1470.6 

+  138.1 

+629.8 

600-500 

+702,6 

+213.0 

-139.7 

-776.9 

500-400 

+429.0 

+313.1 

-742.1 

400-300 

+429.0 

-372.6 

-56.4 

300-250 

-16.8 

-372.5 

+3893 

250-200 

-16.8 

+  395 A 

-379.0 

200-150 

+78.9 

+395.8 

-474.7 

150-100 

+68.9 

+87.8 

-156.7 

100-50 

-41.4 

+147.7 

-1063 

the  layer  from  the  ground  up  to  about  1  km, 
and  this  compares  favorably  with  the  value  of 
—3358.1  erga/cm*  see  in  Table  9  for  the  layer 
from  1000  to  925  mb.  Brunt  further  estimated 
the  energy  dissipation  rate  to  be  approximately 

—  2000  ergg/cm*  aec  in  the  atmosphere  above 
1  km,  with  a  total  dissipation  rate  of  about 

—  5000  ergs/cm*  see.  This  latter  estimate  would 
correspond  to  the  value  of  —4283.6  ergs/cm*  aec 
(Table  9)  computed  for  the  layer  from  1000  to 
50  mb. 

The  curious  feature  in  Table  9  is  the  appear¬ 
ance  of  a  group  of  positive  values  of  the  dissipa¬ 
tion  rate  within  the  four  shallow  pressure  layers 
located  between  925  and  600  mb.  Also,  there  is 
one  additional  positive  value  in  the  layer  from 
300  to  250  mb.  The  locations  of  these  positive 
dissipation  rates  suggest  that  on  the  average 
they  occur  just  above  the  friction  layer  and  near 


the  tiopopause,  respectively.  Both  these  regions 
are  characterised  by  wind  maxima,  although  the 
lower-level  jet  is  certainly  not  as  pronounced  as 
the  more  familiar  upper-tovel  jet.  Jfurther,  both 
these  regions  contain  turbulent  eddies  of  the  type 
often  referred  to  as  clear  air  turbulence.  It  is 
entirely  possible  that  these  eddies  ate  of  such 
scale  that  they  were  not  detected  in  the  data 
used  in  this  study  and  further  that  these  eddies 
act  to  produce  an  amount  of  kinetic  energy 
sufficient  to  change  the  sign  of  the  dissipation 
rate  in  the  energy  balance  equation. 

Conclusions.  The  energy-transformation 
process  represented  by  the  integral  of  wot  in  the 
mechanical  energy  equation  (6)  exhibits  two 
significant  positive  (potential  to  kinetic  energy) 
modes,  on  in  the  boundary  region  from  1000  to 
850  mb  and  one  in  the  middle  troposphere  from 
700  to  500  mb.  It  is  probably  not  too  surprising 
to  find  that  one  of  the  regions  of  more  intense 
energy-transformation  activity  is  close  to  the 
commonly  observed  region  of  nondivergence  at 
600  mb.  The  occurrence  of  very  intense  energy 
tranafonnations  within  the  boundary  region  is 
questionable  in  view  of  certain  noogeoetrophic 
and  nonadiabatic  effects  which  probably  in¬ 
fluenced  the  computations  of  vertical  motion  in 
this  region.  It  is  conceivable,  however,  that  the 
computed  rate*  of  energy  transformation  are  not 
spurious  for  this  boundary  region,  since  the  rates 
of  energy  dissipation  increase  rather  sharply  in 
layers  close  to  the  ground.  Reference  is  made  to 
the  work  of  Datidton  and  Lettau  [1957},  for 
example. 

The  evidence  for  meridional  cell  activity 
appears  quite  striking  and  conforms  in  general 
with  the  usual  arrangement  of  an  intense  mid- 
latitude  indirect  cell  with  direct  cells  to  the 
north  and  to  the  south.  The  northward  phase 
drift  of  the  cells  from  January  to  April  seems  to 
be  consistent  with  synoptic  evidence  of  the 
northward  displacement  of  the  barociinic  storm 
tracks  and  the  semipermanent  pressure  systems 
from  winter  to  summer.  Granting  the  existence 
of  the  indirect  mid-latitude  cell,  the  inclusion  of 
the  implied  nonadiabatic  effects  would  have 
resulted  in  an  intensification  of  the  cellular 
motion. 

The  flux  of  potential  energy  has  been  deter¬ 
mined  to  be  about  an  order  of  magnitude  larger 
than  the  transport  of  kinetic  energy,  and  this  is 
in  agreement  with  an  analysis  of  these  two 
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processes  in  which  appropriate  scale  factors  were 
used. 

As  there  is  no  net  change  in  the  kinetic  energy 
of  the  atmosphere  over  a  long  period  of  time, 
values  corresponding  to  the  integrals  of  wo,  u&, 
and  ux  woe  introduced  into  the  mechanical 
energy  equation  (6),  and  the  residual  was  taken 
to  represent  the  dissipation  rate  for  the  harisontai 
kinetic  energy.  This  was  done  for  various  regions 
of  the  atmosphere.  The  resulting  values  agree 
very  well  with  other  independent  estimates,  bring 
about  —3000  ergs/cm’  sec  in  the  friction  layer 
and  about  —1000  ergs/cm*  sec  above  the  friction 
layer.  There  are  certain  shallow  layers  in  the 
atmosphere,  located  just  above  the  friction  layer 
and  also  near  the  tropopauae,  where  the  dissipa¬ 
tion  rates  are  computed  to  be  positive.  This 
indicates  that  the  energy-transformation  process, 
as  measured,  is  not  producing  the  required 
amount  of  kinetic  energy  for  a  proper  atmos¬ 
pheric  energy  balance,  and  thus  the  dissipative 
action  must  unrealistically  produce  rather  than 
destroy  kinetic  energy.  It  is  more  likely,  of 
course,  that  the  dissipative  action  is  small  in 
these  regions  and  that  there  are  other  eddies, 
not  discerned  by  the  method*  of  this  study, 
which  tend  to  make  up  the  deficit  of  kinetic 
energy  in  the  energy  balance.  There  is  the  sug¬ 
gestion  that  eddies  representing  clear  air  turbu¬ 
lence,  for  example,  are  of  the  type  of  process 
which  has  not  been  detected  in  the  present 
analysis. 

This  study  has  been  baaed  upon  data  from  two 
specific  mouths  (January  and  April  1958),  and 
it  is  not  necessarily  a  representative  sample  in 
time.  Further,  the  portion  of  the  atmosphere 
that  was  sampled  covered  only  the  northern 
hemisphere  horizontally  between  20®  and  80® 
and  vertically  between  1000  to  50  mb,  which  is 
not  necessarily  a  representative  sample  in  space. 
The  only  data  that  were  tested  for  significance 
were  the  set  of  station  values  of  uT  for  a  few 
pressure  layers.  The  95  per  cent  confidence 
factor  of  2 <r/V7f  was  used.  The  sets  of  data 
examined  produced  confidence  limits  which 
indicate  a  reasonable  degree  of  significance,  eg., 
a  mean  value  of  207  ±  75.  A  more  rigorous 
significance  test  could  be  made  only  with  con¬ 
siderable  effort;  daily  maps  of  vertical  motion, 
temperature,  kinetic  energy,  and  potential  energy 
would  be  needed  in  order  to  get  daily  values  of 
the  various  covariances  which  could  then  be 


tested  in  sets.  On  the  other  hand,  one  could 
perform  the  same  type  of  study  as  the  present 
one,  but  for  several  additional  months,  and  then 
test  the  significance  of  the  acquired  act  of 
monthly  mean  values  of  the  covariances. 
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The  measurements  of  the  hemispheric  spectra 
of  individual  pressure  change,  temperature,  avail¬ 
able  potential  energy,  and  rate  of  conversion 
between  available  potential  energy  and  kinetic 
energy  made  for  each  day  of  February  1958,  and 

1  Now  at  the  Travelers  Research  Center,  Inc., 
Hartford,  Conn. 


reported  previously  in  this  Journal  [Bailsman 
and  Fleithcr,  19601,  have  been  extended  to  cover 
the  winter  half-year  period,  January  through 
Much  and  October  through  December,  1959. 
We  present  these  new  results  in  Tables  1  to  3 
and  Figures  1  to  7,  using  the  same  notation  aa 
was  employed  in  the  previous  article. 


TABLE  1.  Mean  Values  and  Standard  Deviations  of  [«],  (7*1,  [«'*),  (7”*}  and  WT']  as  a  Function  of 
Latitude  <t>,  for  the  Winter  Half-Year,  January  through  March  and  October  through  December,  1959 


* 

80 

75 

70 

65 

60 

55 

50 

45 

40 

35 

30 

25 

20 

M* 

-9 

+312 

-9 

-441 

-618 

-804 

-48 

+638 

+743 

+768 

+349 

-231 

-491 

c r 

(±)3353 

3517 

2825 

3274 

3648 

3668 

3059 

3663 

3232 

3416 

2203 

1494 

1928 

mt 

246.84  248.27  249.70  251.13  282.83  254.81  257.54  261.11  265.28  269.31  272.92  275.82  278.30 

9 

(±)4.22 

3.63 

3.19 

2.89 

2.94 

3.12 

3.39 

3.69 

3.77 

3.51 

3.02 

2.24 

1.34 

122 

155 

189 

244 

292 

428 

569 

667 

760 

606 

466 

279 

163 

tr 

<±)114 

94 

117 

138 

155 

220 

249 

255 

316 

259 

245 

156 

106 

[rvi 

20.38 

28.24 

34.02 

37.68 

39.66 

42.85 

43.08 

37.88 

28.29 

18.32 

11.43 

6.35 

3.06 

9 

(±)13.01 

13.65 

12.19 

13.17 

13.21 

18.19 

17.43 

16.46 

12.86 

8.86 

5.68 

3.27 

U7 

Pnii 

-422 

-414 

-541 

-698 

-696 

-945 

-1286 

-1453 

-1261 

-722 

-209 

+60 

+69 

or 

(±)604 

557 

558 

569 

573 

725 

764 

715 

678 

581 

366 

244 

149 

*  g  cm-1  sec-*  X  10  *. 
t  degrees  absolute. 

X  g~>  cm**  sec**  X  10"*. 

}  (degrees  absolute)*, 

||  g  cm-1  sec-*  deg  abe  X  10**. 


TABLE  2.  Mean  Values  and  Standard  Deviations  of  2  |0(«)|.  2  |B(*)I.  <?(«),  and  C(«J 
aa  a  Function  of  Wave  Number  s,  for  the  Winter  Half-Year,  January  through 
March  and  October  through  December,  1959 
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12! 

97 

79 

45 

31 

18 

11 

8 

5 

4 

3 

2 

9 

(  ±)175 

190 

129 

74 

66 

52 

32 

18 

7 

5 

3 

2 

2 

1 

S(<*)$ 

+  137 

+336 

+267 

+273 

USo 

+473 

+382 

EES 

+227 

Who 

+73 

+42 

+25 

+17 

+9 

9 

(  =fc)221 

269 

273 

27S 

342 

376 

287 

215 

143 

81 

60 

49 

39 

*  t  an-1  eec~*  x  1CT4. 
t  degrees  absolute. 

I  erg*  cm-*  mb'*  X  JO*. 

§  erga  sec-1  cm“*  mb  1  x  10r*. 
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TABLE  3.  Mean  Values  and  Standard  Deviations  of  tbe  Available  Potential  Energy  P,  and 
the  Rate  of  Conversion  of  Available  Potential  Energy  into  Kinetic  Energy  C 
for  the  Region  Between  20  °N  and  80oN 


P*  -  6687 

C®sTt  **  +2671 

a  +657 

v  ±792 

Px  -  5296 

Cx  *  -344 

(?4(extr*p)  *»  +352 

9  ±655 

v  ±578 

St 

It 

Px  ~  £  <P(w>  “  1391 

Cm  -  £  <3<n)  -  +3016 

»— t 

V  ±361 

a  ±884 

*  ergs  cm1  mb-1  X  10*. 
t  ergs  cm~*  mb-1  sec-1  X  10~J. 


As  would  be  expected,  the  results  based  os 
the  longer  record  display  smoother  variations 
with  latitude  and  wave  number  than  those  for 
the  single  month.  In  almost  all  respects  the 
essential  features  of  the  winter  average  conditions 


were  already  quite  well  represented  in  the  Feb¬ 
ruary  results — hence,  most  of  the  comments  made 
in  the  previous  article  apply  to  those  shown  here. 
There  are,  however,  two  differences  from  the 
February  values  worth  noting.  These  are  (i)  the 


Fig.  1.  Mean  values  of  [u]  (solid  curve)  and  of  { T]  (dashed  curve)  for  the  winter  half-year, 
January  through  March  and  October  through  December,  1959.  See  Table  1.  For  the  area  between 
20 °N  and  80 ‘N  {(S’ I  is  +.013  g  cm'1  sec"*,  which  corresponds  to  &  net  descending  motion  of 
roughly  .02  cm  sec  *. 


Fig.  2. Mean  variance  of  u  around  latitude 
circles,  for  the  winter  half-year,  1959.  Sec 
Table  1. 


Fig.  3.  Mean  variance  of  T  around  latitude 
circles,  [T'*\,  for  the  winter  half-year,  11)59.  See 
Table  1. 
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Fig.  4.  Mean  covariance  between  u  and  T 
around  latitude  circles,  ~~[w'T'],  for  the  winter  half- 
year,  1969.  See  Table  1. 


Fig.  5.  Mean  amplitude  spectrum  of  u,  2  |0(n)l 
(solid  line),  and  of  T,  2  |B(n)j  (dashed  line),  both 
at  45  °N  for  the  winter  half-year,  1959.  See  Table  2. 


southward  ahift  of  the  distribution  of  [w]  (Kg.  1) 
such  that  maximum  ascending  motion  is  located 
at  60°N  and  maximum  descending  motion  is 
located  at  35°N,  in  closer  agreement  with  the 
classical  concept  of  the  mean  meridional  cell 
pattern,  and  (it)  the  absence  of  the  pronounced 
peak  of  <P(n)  at  n  —  2,  which  evidently  was  an 
anomalous  condition  for  February  (see  Fig.  6). 

If  we  apply  the  same  assumptionjts  was  used 
in  the  previous  article  (p.  1220)  to  obtain  an 
estimate  of  Cz  for  the  entire  hemisphere,  we 
obtain  the  vaiue  Cz  (extrap)  =*  +0.352  ergs 
sec-1  cm~»  mb”1,  which  is  to  be  compared  with 
the  value  of  +0.294  ergs  sec*1  cm-*  mb-1  for 
February, 


Fig.  6.  Mean  spectral  function  for  eddy  avail¬ 
able  potential  energy,  (Pfn),  for  the  winter  half-year, 
1959.  See  Tables  2  and  3. 


Fig.  7.  Mean  spectral  function  for  the  rate  of 
conversion  from  eddy  available  potential  energy  to 
eddy  kinetic  energy.  Gin),  for  the  winter  half-year, 
1959.  See  Tables  2  and  3. 
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l.  Introduction 

We  present  a  summary  of  statistics  describing  the 
kinetic  energy  and  momentum  transport  distributions 
as  a  function  of  wave  number  for  the  year  1951.  The 
energy  transfer  computations  based  on  the  same  raw- 
data  as  these  statistics  have  already  been  reported 
(Saltzman  and  Fleisher,  1950). 

Let  us  first  set  down  definitions  of  symbols 

A  ss  longitude 
<f>ss  latitude 
/>h=  pressure 
1=  time 

« ss wave  number  around  a  latitude  circle 
radius  of  the  earth 
g= acceleration  of  gravity 
u »  a  cos^xf A/ dt zona!  wind  speed 
;■£=  ad4>/dt  meridional  wind  speed 
i'(.v)=  1/2*/*'  x(A ,4>,p,t)  exp(  — j«A)<fX 

s  Fourier  transform  of  x,  representing  a  zonal 
harmonic  analysis 

33  -V  (n,<t>,p,l)=  Xi(n,<t>,p,t)  -  iXi{n,<t>,p,t) 
l  (n,4>,p,t) sf(#)=r i (n,4>,p,t) - H:i(n,<t>,p,t) 

F  (n,4>,p,t)  =  F( v)=  Fj  ( n,4>,p,t )  -  i 


2.  Modes  of  averaging 

M- —  f 

2ir  Jq 

=  zonal  average  of  * 

*'**-[*] 

f ** 

(x)  $  (sin^2— sin^i)-1  /  x  cos  jdtp 

J*' 

as  meridional  average  of  x  between  4>\  and  <t>> 


ss  time  average  of  x  over  the  interval  r 
■v* =i-i 
xy—xyiay+xyiT> 

xy<5) es  xym.  component  of  xy  representing  the  “sta¬ 
tionary”  variability  of  x  and  y 

xy'T)  =  x*y* as  component  of  xy  representing  the  tran¬ 
sient  variability  of  x  and  y 

ff(*)s=  (x*1)^ standard  deviation  of  x. 


3.  Quadratic  forms 

(1)  E(n,<t>,p}t)s;Eu(n,4>,p,t)+E,{n,<t>,p,t) 

=  spectral  function  of  the  zonally  averaged  kinetic  energy  per  unit  mass 

(2)  J  f/j L'i*+LVs component  of  E  from  the  zonal  motions 

(3)  £,==  j  F|*ss  Fi’-f  Fj*^  component  of  E  from  the  meridional  motions 
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w 

(5) 

(6) 
(7) 

m 

(9) 

(30) 

(11) 

(32) 

03) 


(14) 

05) 

(16) 

(17) 

(18) 

(19) 

(20) 


(21) 


(22) 

(23) 

(24) 
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£(n,4>,P)3S£<s>(»,<l>,p)+£(T>(n,<P,p) 

|  (?js-T  j  Pjl  SB  component  of  M  due  to  stationary  motions 
£!T>^£uir^+ J5t<r,££  |  £/*j4+  j  k'*{*= component  of  M  due  to  transient  motions 
K(n,p,t)^[E(ntp,p,0)^KH(n,p,l)+KT(M,p,() 

K^lEu) 

A\s{£»} 

k (A, <£,£,/)  ^  | («?  f  i~) 5=  kinetic  energy  ;>er  unit  mass 

[_k"\s£kz+kE^z onaiiy  averaged  kinetic  energy  per  unit  mass 

([«?+  M*)  si \E  (0 ,4>,p,t) 

==comj>onent  of  {jfe]  representing  kinetic  energy  per  unit  mass  of  the  zonally  averaged  wind 

ao 

ke^kEu'hkE,^  2Z  E(n,4>,PJ) 

n*«i 

s component  of  \k~\  representing  the  kinetic  energy  per  unit  mass  of  the  departure  from  the 
zonally  averaged  wind  (“eddy  kinetic  energy”) 

ks^K^l 

fczS2hiS>+Zz{r> 

MMHW) 

^ir^i(W*2+HV2) 

(P>0  *MM>®**  (0  ,P,0  +  ±K  ( n,p,l ) 

a  total  kinetic  energy  per  unit  mass  averaged  over  a  pressure  surface 

2ra2  cos‘<£  *■ 

T.u(<t>,p,t)^ - [«V]s:  2Z  J(n,4>,p,t) 

g  *-> 

s  northward  eddy  transport  of  zonal  angular  momentum  across  latitude  <p,  per  unit  pressure 
difference  and  per  unit  time 

4xa2  cos2^> 

J(n,4>,P,‘)& - (VtVt+UtVd 

g 

s  spectral  function  for  the  meridional  transport  of  zonal  angular  momentum  across  latitude  4>> 
per  unit  pressure  difference  and  per  unit  time 

J  (n,<l>,p)ssJlsHn,'t>,p)+Jir>(n,<p,p) 

4 ra2  cos?0 

- ( f7i  Kj+  (?2^s)scomponent  of  J  due  to  stationary  motions 

g 

4ra2cosfy _  _ 

./* n  =  — - —  ( U*  Ft* 4-  f/**Kf*)= component  of  J  due  to  transient  motions. 

g 
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(N  6» 


March  1962 


NOTES  AND  CORRESPONDENCE 


Table  1.  500-mb  wind  statistics  as  a  function  of  latitude  for  winter,  summer  and  year  of  1951.  See  Table  2  for  a  resolution  of  kg  and 
r it  into  stationary  and  transient  components  at  27. 5N,  47.5N  and  67. 5N.  Units  are  10'*  sec'1  for  dX/dl,  cm  sec"'  for  [ti],  HP  ergs  gm"1 
for  k,  and  10*  gm  cm’  sec"’  mb"1  for  r*.  Numbers  in  parentheses  to  the  left  of  each  quantity  refer  to  the  list  of  definitions. 


Statistics  Latitude  (<t>) 


17.5° 

22.5* 

27.5* 

32.5* 

37.5“ 

42.5° 

47.5° 

52.5* 

57.5” 

62.5° 

67.5* 

72.5* 

77.5” 

Winter 

[dX/A] 

(<r)± 

642 

(699) 

1744 

(757) 

2484 

(691) 

3059 

(542) 

3276 

(481) 

34t0 

(551) 

3505 

(694) 

3242 

(874) 

2677 

(931) 

2254 

(1105) 

2344 

(1436) 

2549 

(2288) 

2161 

(3651) 

M- 

a  c<n4>[d\/dt'\ 

390 

1027 

1404 

1644 

1656 

1602 

1509 

1258 

916 

663 

571 

488 

298 

(17) 

*»<*> 

761 

5274 

9856 

13514 

13712 

12832 

11385 

7913 

4195 

2198 

1630 

1191 

444 

(18) 

899 

986 

724 

426 

298 

338 

445 

567 

SIS 

532 

620 

969 

1276 

(16) 

kz 

(<r)± 

1660 

(1546) 

6260 

(4077) 

10580 

(5110) 

13940 

(4746) 

14010 

(4221) 

13170 

(4323) 

11830 

(4584) 

8480 

(4333) 

4710 

(2879) 

27.30 

(2408) 

2250 

(2287) 

2160 

(2451) 

1720 

(1927) 

(14) 

(l. 

(*)± 

3524 

(1320) 

4278 

(1982) 

4741 

(2308) 

5692 

(2569) 

6178 

(2907) 

6571 

(2653) 

6173 

(1567) 

5904 

(2550) 

4980 

(2205) 

4179 

(2087) 

3930 

(1809) 

3123 

(1517) 

2338 

(1272) 

(15) 

kz, 

(«)± 

1630 

(550) 

1807 

(675) 

2597 

(985) 

3895 

(1424) 

5072 

(1858) 

5853 

(2252) 

6545 

(2496) 

6864 

(2510) 

6539 

(2229) 

5606 

(2158) 

4724 

(1923) 

4142 

(1849) 

3742 

(1671) 

(13) 

kz 

5154 

6085 

7338 

9587 

U250 

12424 

12718 

12768 

11S19 

9785 

8654 

7265 

6080 

(ID 

DU 

6814 

12345 

17918 

23527 

25260 

25594 

24548 

21248 

16229 

12515 

10904 

9425 

7800 

(20) 

'» 

(<r)± 

1092 

(1653) 

1481 

(1824) 

2250 

(2276) 

2968 

(2625) 

2819 

(2886) 

2375 

(2755) 

1494 

(2666) 

475 

(2340) 

63 

(1896) 

-7 

(1300) 

-95 

(846) 

-37 

(465) 

38 

(196) 

Summer 

IdX/dQ 

-187 

(695) 

380 

(880) 

928 

(970) 

1623 

(918) 

2097 

(625) 

2316 

(480) 

2330 

(539) 

2145 

(1148) 

1760 

(867) 

1850 

(902) 

2097 

(976) 

2180 

(1358) 

1602 

(2415) 

[1] 

-276 

224 

524 

872 

1060 

1088 

1003 

832 

603 

544 

511 

418 

221 

(12) 

J b<s> 

381 

251 

1373 

3802 

5618 

5919 

5030 

3461 

1818 

1480 

1306 

874 

244 

(18) 

kz'r> 

579 

1339 

1517 

1208 

492 

241 

270 

139 

432 

350 

284 

336 

5S6 

(16) 

kz 

(ff)4r 

900 

(926) 

1590 

(2407) 

2890 

(3898) 

5010 

(4550) 

6110 

(3447) 

6160 

(2514) 

5300 

(2325) 

3600 

(2155) 

2250 

(200S) 

1830 

(1567) 

1590 

(1353) 

1210 

(HOI) 

800 

(1335) 

(14) 

kg, 

(<r)-i; 

2504 

(1129) 

2100 

(953) 

■',28 

(UoO) 

2888 

(1393) 

3223 

(1650) 

3895 

(1893) 

4302 

(1761) 

4225 

(1689) 

3896 

(1661) 

3385 

(1382) 

2641 

(989) 

2325 

(1299) 

1924 

(1225) 

(15) 

kg, 

(»)± 

1120 

(443) 

1023 

(462) 

1166 

(610) 

1629 

(1018) 

2283 

(1228) 

2995 

(1340) 

3908 

(1563) 

4606 

(1608) 

4519 

(1492) 

4056 

(1374) 

3586 

(1292) 

3264 

(1263) 

3049 

(1288) 

(H) 

kg 

3624 

3123 

3494 

4517 

5506 

6890 

8210 

8831 

8415 

7441 

6227 

5589 

4973 

(ID 

m 

4584 

4713 

6384 

9527 

11616 

13050 

13510 

12431 

10665 

9271 

7817 

6799 

5773 

(20) 

r  U 

(e)t 

660 

(1355) 

495 

(1160) 

679 

(995) 

1044 

(1245) 

1140 

(1442) 

1057 

(1378) 

704 

(1648) 

158 

(1685) 

-286 

(1302) 

-221 

(908) 

-162 

(559) 

-20 

(351) 

10 

(153) 

Annual 

[dx?<//] 

(»):L 

227 

(812) 

1060 

(1069) 

1704 

(1152) 

2339 

(1046) 

2685 

(818) 

2861 

(760) 

2916 

(862) 

2692 

(1163) 

2217 

(1013) 

2051 

(1032) 

2221 

(1236) 

2364 

(1892) 

1881 

(3109) 

[«'•] 

138 

624 

963 

1257 

1357 

1344 

1255 

1044 

759 

603 

541 

453 

259 

(I?) 

kg'" 

95 

1947 

4637 

7900 

9207 

9032 

7875 

5450 

2880 

1818 

1463 

1026 

335 

(IS) 

kg'” 

1215 

1973 

2093 

1560 

843 

628 

685 

590 

600 

462 

457 

654 

925 

(161 

kz 

(o)± 

1310 

(1321) 

3920 

(4083) 

67.30 

(5950) 

9460 

(6444) 

10050 

(5516) 

9660 

(4981) 

3560 

(4889) 

6040 

(4203) 

3480 

(2932) 

2280 

(2078) 

1920 

(1906) 

1680 

(1957) 

1260 

(1721) 

(14) 

kg, 

(<r)i 

3013 

(1330) 

3186 

(1897) 

3531 

(2276) 

4286 

(2496) 

4697 

(2786) 

5230 

(2664) 

5236 

(1911) 

5062 

(2318) 

4437 

(2025) 

3781 

(1813) 

3284 

(1593) 

2723 

(1467) 

2130 

(1266) 

(15) 

kg, 

(<r)± 

1374 

(560) 

1414 

(699) 

1880 

(1087) 

2759 

(1687) 

3674 

(2103) 

4421 

(2339) 

5223 

(2464) 

5732 

(2390) 

5526 

(2148) 

4830 

(1967) 

4153 

(1733) 

3702 

(1643) 

3395 

(1531) 

(13) 

kg 

4387 

4600 

5411 

7045 

8371 

9651 

10459 

10794 

9963 

8611 

7437 

6425 

5525 

(ID 

[*] 

5697 

8520 

12141 

16505 

18421 

19311 

19019 

16834 

13443 

10891 

9357 

8105 

6785 

(20) 

rv 
a  ir 

876 

(1526) 

986 

(1605) 

1462 

(1923) 

2003 

(2267) 

1977 

(2429) 

1714 

(2274) 

1098 

(2250) 

316 

(2044) 

-112 

(1635) 

-114 

(1125) 

-129 

(718) 

-28 

(412) 

24 

(176) 
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Table  2.  Average  500  mb  kinetic  energy  per  unit  mass  over  15N  to  SON,  as  a  function  of  wave-number.  Units  are  101  ergs  gm"1. 
Numbers  in  parentheses  to  the  left  of  each  quantity  refer  to  the  list  of  definitions 


Statistics  Wave  number  (») 


0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

IS 

(13)[i*} 

Winter 

(8) 

R» 

1780 

146 

96 

89 

48 

37 

30 

22 

17 

10 

8 

6 

5 

4 

4 

o 

524 

(»)± 

(419) 

(73) 

(48) 

(45) 

(19) 

(20) 

(14) 

(12) 

(8) 

(5) 

(3) 

(2) 

(2) 

(2) 

(2) 

(2) 

(120) 

(9) 

R, 

to 

37 

50 

49 

53 

60 

51 

43 

27 

20 

15 

12 

10 

9 

8 

457 

(»)± 

(S) 

(27) 

(30) 

(31) 

(36) 

(42) 

(31) 

(30) 

(16) 

(12) 

(9) 

(6) 

(S) 

(3) 

(5) 

(109) 

(7) 

R 

1780 

156 

133 

140 

97 

91 

90 

72 

60 

38 

28 

21 

17 

14 

13 

12 

981 

Summer 


(8) 

R„ 

736 

68 

62 

49 

31 

26 

20 

14 

12 

8 

6 

5 

4 

4 

3 

3 

316 

(487) 

(38) 

(35) 

(27) 

(14) 

(IS) 

(8) 

(6) 

(5) 

(3) 

(2) 

(2) 

(2) 

(2) 

(1) 

(a 

(92) 

(9) 

R . 

6 

16 

23 

29 

31 

31 

29 

26 

19 

15 

13 

9 

8 

7 

6 

268 

(<r)± 

(5) 

(10) 

(13) 

(17) 

(27) 

(16) 

(18) 

(17) 

(12) 

(10) 

(9) 

(5) 

(5) 

(4) 

(3) 

(75) 

(7) 

R 

736 

74 

78 

73 

60 

57 

52 

43 

37 

27 

21 

18 

13 
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Our  measurements  are  based  on  the  500-mb  contour 
heights  for  each  day  of  1951,  at  every  5  deg  of  latitude 
from  15N  to  80N  and  at  every  10  deg  of  longitude.  The 
geostrophic  approximation  is  used,  nd  therefore 

w=°. 

The  results  are  given  in  Tables  1  to  3,  and  some  of 
the  more  interesting  distributions  are  also  shown 
graphically  in  Figs.  1  to  3.  The  spectra  are  discrete, 
and  connecting  lines  are  drawn  only  as  a  visual  aid. 
The  winter  average  covers  the  six-month  period  October 
through  March  (182  days),  and  the  summer  average 
the  six-month  period  April  through  September  (183 
days).  The  spectral  resolutions  are  shown  only  for  the 
three  latitudes,  27.5N,  47.5N  and  67.5N. 

Other  presentations  of  some  of  these  statistics, 
generally  based  on  time  records  shorter  than  a  year, 
are  given  in  papers  listed  in  the  References.  In  several 
instances  values  for  pressure  levels  other  than  500  mb 
are  given  (e.g,,  Benton  and  Kahn,  1958). 

We  note  especially  (Table  3  and  Fig.  3)  that  the 
stationary  kinetic  energy  amounts  approximately  to 
10  per  c<  of  the  total  kinetic  energy,  and  less  than 
20  per  cent  of  the  long  wave  energy,  (wave  numbers  l 
to  5) ;  and  that  the  long  stationary  waves  account  for 
more  than  85  per  cent  of  all  the  stationary  kinetic 


energy.  Most  of  the  stationary  eddies,  then,  are  large; 
but  only  a  small  part  of  die  large  eddies  are  stationary. 
Therefore  statements  of  the  average  transfer  of  kinetic 
energy  between  transient  and  stationary  eddies  carry 
little  implication  of  spatial  scale,  which  should  be 
remembered  should  one  be  tempted  to  collate  such 
results  as  reported  by  Murakami  (1960)  with  those 
of  Saitzman  and  Fleisher  (1960). 
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Table  3.  500  mb  wind  statistics  as  a  function  of  wave-number  for  winter,  summer  and  year  of  1951,  at  27.5N,  47.5N  and  67.SN. 
Units  are  10  ergs  gm'1  for  £,  „jd  10**  gm  cm’  see-*  mb'1  for  J. 
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Tabu:  3  (continued). 
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LARGE  SCALE  VERTICAL  EDDIES  IN  THE  ATMOSPHERE 
AND  THE  ENERGY  OF  THE  MEAN  ZONAL  FLOW 

by  Victor  P.  Stake  (*}  &  Robert  E.  Dickinson  {*) 


Sum  miry  —  The  zonal  eddy  stress  across  horizontal  surfaces  due  to  large  scale 
vertical  motions  was  evaluated  for  two  months  from  data  for  the  northern  hemisphere 
for  a  number  of  levels  up  to  50  mb.  From  this  information  and  from  the  correspond¬ 
ing  distributions  for  each  of  the  two  months  of  the  mean  zonal  winds,  the  rate  of  trans¬ 
formation  of  kinetic  energy  from  eddy  to  mean  zonal  form  wax  calculated.  The  two 
sets  of  data  gave  rather  small  values  for  the  hemisphere  which  were  of  opposite  sign. 


It  is  well  known  that  large  scale  eddies  in  the  atmosphere  in  tl  e  long  period 
average  lose  kinetic  euergy  through  countergradient  horizontal  eddy  momentum 
transport,  to  maintain  the  mean  zonal  flow  against  dissipative  processes  and  the 
forcing  of  an  indirect  mean  meridional  circulation  in  middle  latitudes.  A  recapit¬ 
ulation  of  results  of  this  kind  for  the  northern  hemisphere,  together  with  com¬ 
parable  new  results  for  the  southern  hemisphere,  is  being  currently  published  by 
Obasi  (1963).  It  has  usually  been  assumed  in  work  of  this  kind  that  momentum 
transport  upward  or  downward  by  large  scale  vertical  eddies  is  of  small  impor¬ 
tance  for  these  energy  considerations,  although  direct  measurements  were  lacking. 
The  validity  of  this  assumption  is,  however,  suggested  by  geostropkic  scale  theory. 
Its  is  the  purpose  of  this  discussion  to  present  the  results  of  some  preliminary 
measurements  of  the  large  scale  vertical  eddy  effects. 

As  a  part  of  our  larger  program  of  studying  the  general  circulation  in  its 
various  aspects,  Jensen  (1960,  1961)  calculated  with  the  aid  of  the  adiabatic  as¬ 
sumption  the  values  of  the  instantaneous  individual  pressure  change  tu  for  ail 
conveniently  obtainable  stations  of  the  northern  hemisphere  for  all  standard  pres¬ 
sure  layers  up  to  50  mb,  for  each  day  of  the  month  of  January  1958  and  also  for 
each  day  of  the  month  of  April  of  the  same  year.  In  addition  to  the  use  which 
Jensen  himself  made  of  these  values,  i.e.,  correlating  them  with  the  temperature, 
use  was  made  of  them  by  Molla  &  Loisel  (1962)  who  computed  their  covariance 
with  the  northward  component  of  wind  velocity  c.  The  present  writers  have, 
pursuant  to  the  purpose  mentioned,  made  still  further  use  of  Jensen's  values  of  <o 
and  calculated  their  covariance  with  u,  the  eastward  component  of  the  wind.  As 
in  the  studies  of  Molla  &  I.oisel,  the  vertical  transport  of  eastward  momentum 
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obtained  may  be  separated  into  two  parts,  one  due  to  the  transient  eddies  and 
another  due  to  standing  eddies.  For  interest’s  sake  the  vertical  momentum  trans¬ 
ports  are  listed  in  tables  1  through  4.  In  Jensen’s  work  the  vahi.es  of  o>  are  given 
in  units  of  velocity,  so  that  in  the  tables  the  symbol  w  is  to  be  interpreted  a*  — co/pg 
where  p  is  the  appropriate  density  and  g  is  the  acceleration  of  gravity.  In  what 
follows  the  bar  is  used  to  denote  a  time  average  and  the  primes  denote  deviations 
therefrom.  The  brackets  signify  a  zonal  average  with  longitude  around  the  earth 
and  the  superscript  asterisk  signifies  a  departure  therefrom.  Lastly,  p  is  pressure. 

The  transformation  term  under  consideration,  written  in  terms  of  co  in  pres¬ 
sure  coordinates,  may  be  stated  as  follows: 


U«  “1  + 


•  • 

{{<»  u]  4-oj'u']} 


3j«] 

dp 
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Sp 


*  * 

<I«1  U<»  “]  4-  !«V|))  - 


This  is  to  be  integrated  over  the  vertical  extent  of  the  atmosphere  and  over 
the  hemisphere,  whereupon  the  last  term  essentially  gives  no  contribution.  The 
tabulated  data  together  with  corresponding  values  of  [u]  from  Jensen’s  material, 
were  assumed  to  furnish  an  adequate  sampling  of  the  integrand  for  an  initial  trial 
evaluation.  Actually  the  computation  could  be  extended  down  to  15°  N  and  not 
to  the  equator. 

The  finite  difference  integration  gave  a  value  of  — 1.45  •  10*°  erg  sec-1  for 
January  and  a  value  of  j-  1.84  *  10*°erg  »ec-1  for  April.  If  the  figures  are  assumed 
correct,  the  action  of  the  large  vertical  eddies  was  to  decrease  the  mean  zonal 
kinetic  energy  in  January  and  to  increase  it  in  April.  The  corresponding  action 
of  the  horizontal  eddies  on  an  annual  mean  basis  ranges  from  about  5  to  10  •  10w 
erg  sec”1  as  summarized  by  Obasi. 

As  far  as  problems  of  the  kind  here  considered  are  concerned,  a  sample  of 
two  individual  months  is  hardly  large  enough  for  proper  measurement  of  the  ef¬ 
fects.  Save  for  the  labor  entailed  it  would  be  best  to  consider  a  season  or  a  year. 
This  has  not  as  yet  been  done,  however,  and  it  is  therefore  felt  that  the  figures 
above  are  of  interest  as  indicating  the  smallness  of  the  action  in  agreement  with 
scale  theory. 


Table  T:  Z'onatty  outraged  standing  eddy  term  [tc  u]  =  [»  u]  — [*uj  [u]  in  cm*  sec  1  • 
•  10*  by  pressure  layer  and  latitude  for  January  1958. 


ji 

Pressure 
layer 
in  mb 

Latitude 

20 

30 

40 

50 

60 

70 

80 

1000-650 

850-700 

700-500 

500-300 

300-200 

200-100 

100-50 

—  0.11 
+  0.06 
—  0.21 
—  0.01 
—  0.36 
+  0.92 
+  0.02 

. 

-f  0.82 

—  0.24 

—  2.56 

—  2.15 
+  2.96 
+  1.03 

—  0.05 

+  0.93 

—  0.63 
+  1.47 

0.00 
+  0.10 
•+  0.61 

—  0.33 

—  0.52 

—  0.49 

—  1.25 
+  0.14 

—  0.05 
+  0.06 

—  0.68 

+  0.17 
—  0.81 
—  0.39 
+  0.13 
+  0.82 
+  0.92 

+  0.47 
+  0.29 
—  0.12 
+  0.72 

—  0.15 

—  0.08 
—  0.42 

+  0.43 
—  0.08 
—  0.21 
i  0.56 
+  0.09 
+  0.06 
+  1.21 
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Table  2:  Zonal}?  averaged  Handing  eddy  term  {»  u  j  —  (w  uj  - — [«>({»]  in 
•  10*  by  pressure  layer  and  latitude  for  April  1958, 


P 


if 

'! 

'•1 

l 


Pressure 
layer 
is  mb 

i 

20 

! 

30 

! 

40 

1009-850 

—  1.59 

! 

4  0.15  j 

4  0,36 

850-709 

4-  0.07 

-I-  0.46 

4  0.63 

700-SOO 

+  0.38 

4  0.07 

—  0.53 

500-300 

—  0.85 

—  1.71 

i  —0.51 

300-200 

+  0.12 

4  2.79 

!  0.54 

200-100 

+  0.26 

—  0.78 

!  +  0.08 

100-50 

l 

+  0.05 

—  0.07 

!  4  0.21 

t  i  t  u  d  t 


50 

60 

70 

80 

+-  1.58 

1.24 

4  0.17 

4-  0-58 

+  0.17 

—  1.06 

—  1.95 

—  1.51 

4  0.70 

—  0.98 

—  1.36 

—  0.96 

—  2.88 

—  2.08 

—  5.10 

—  2.48 

+  0.05 

—  1.10 

—  0.43 

4-  0.30 

4  0.42 

—  0.19 

-f  0.31 

—  0.08 

—  0.12 

—  0.31 

—  0.22 

—  0.20 

Table  3:  /.on ally  averaged  covariance  of  vertical  motion  and  northward  component  of 
the  horizontal  wind  (transient  eddy  term )  [«='  u'J,  in  cm*  sec  1  •  10s  by  pressure  layer  and 

latitude  for  January  1958. 


Pressure 

L 

t  t  i  t  u 

d  e 

J 

layer 
in  mb 

20 

30 

40 

SO 

60 

70 

80  ! 

1000-850 

4-  0.14 

4-  2.25 

4  1.16 

4  1.39 

—  0.58 

—  1. 00 

—  2.50 

850-700 

—  0.03 

4-  0.28 

4  0.50 

4  0.62 

4-  1.17 

-f  2*50 

4-  2.00  j 

700-500 

4-  0.72 

4  1.94 

—  0.61 

4  1.42 

4  5.16 

4-  3.33 

-4  0.08  | 

500-300 

—  1.89 

—  4.65 

—  4.14 

+  0.44 

—  1.25 

f  0.92 

—  2.26  ! 

300-200 

—  0.42 

4-  1.67 

—  3.22 

—  2.39 

4  1.00 

I-'? 

—  0.33  1 

200-100 

0.00 

4-  1.05 

4-  1.47 

4  0.67 

—  0.42 

4-  0.42 

4  2.33  | 

100-50 

—  0.25 

_ _ 

—  0.72 

—  0.94 

4  0.17 

-i-  1.67 

{  1.83 

4  0.25 

i 

Table  4:  Zonally  averaged  covariance  of  vertical  motion  and  northward  component  oj 
the  horivtntal  wind  (transient  eddy  term)  [tc'  u'J,  in  cm*  sec  *  •  10*  by  pressure  layer  and 

latitude  for  April  1958. 


|  Pressure 

L  a  t  i  t  u 

d  e 

layer 
in  mb 

L  _ 

20 

...  . 

30 

40 

50 

60 

70 

1 

80  ij 

r 

1000-850 

4-  0.53 

-4  1.08 

4  1.08 

+  2.94 

0.00 

4  0.08 

o.oo  5 

850-700 

—  0.14 

4-  1.42 

4  1.22 

f  0.06 

—  1.83 

—  1.00 

—  2.17  f! 

700-500 

4  1.06 

4  1.31 

—  1.78 

—  0.08 

4  1.25 

—  1.33 

—  1.42  ij 

500-300 

4  0.97 

4  2.86 

—  0.64 

+  0.36 

—  0.67 

—  1.33 

4  0.33 
O.Ou  p 

300-200 

—  0.17 

4-  0.89 

4  0.14 

4  2.67 

—  0.42 

0.00 

200-100 

4  0.81 

4  0.17 

—  0.14 

—  0.25 

—  0.17 

—  0. 1  7 

0.00  | 

100-50 

—  0.22 

—  0.36 

—  0.14 

4  0.06 

—  0.17 

—  0.08 

0.00  i) 

— 

...  ..  . 

j! 

it 
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Systematic  aonadiabatie  effects  could  alter  tbe  results  somewhat.  Thus  con¬ 
densation  processes  occurring  chiefly  east  of  trough  lines  in  the  upper  westerlies 
where  u  is  larger  could  augment  the  upward  Sow-  of  momentum  in  middle  lati¬ 
tude#  at  intermediate  levels.  This  would  increase  algebraically  the  ah'»ve  values 
for  the  transformation. 

The  writers  are  indebted  to  tispts.  I).  L.  Bailey,  C.  J.  I.oisel  and  A.  C. 
Molls,  VSAF,  for  performing  the  computing. 
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Transfer  through  the  tropopause  and  within  the  stratosphere* 


By  R.  E.  NEWELL 

Dept,  of  Meteereiagy,  Cambridge,  Moss, 


Slvoaaay 

The  evidence  for  t  ropospher ic •  st ratospher  ic  rrmu  exchange  is  reviewed.  A  large  fraction  of  the  exchange 
appear*  to  occur  in  the  vicinity  of  the  middle  latitude  tropopause  discontinuity  and  the  concomitant  jet  stream. 
Cakulatboa  of  the  Sux  of  radioactive  atibetancea  in  the  troposphere  support  this  view.  Computations  of  the 
horizontal  flux  of  ozone  in  the  lower  stratosphere  arc  presented  for  the  I.G,  Y.  period  divided  into  three-month 
seasons.  Indication*  are  that  the  large-scale  quasi-horizontal  transient  eddies  can  transport  ozone  polewards 
in  sufficient  quantities  to  account  for  the  spring  build-up  of  ozone.  Such  large-scale  mixing,  as  opposed  to 
mean  meridional  motions,  also  allows  explanation  of  the  distribution  of  radioactive  tungsten  in  the  stratosphere. 
Transports  appear  to  be  polewards  and  downwards  between  latitudes  20a  and  60°.  Independent  meteorological 
evidence,  in  the  form  of  isentropic  cross-sections  and  values  of  the  covariance  between  the  meridional  and 
vertical  components  of  the  wind,  support  the  mixing  scheme.  The  observed  counter-gradient  eddy  flux  of 
heat  can  be  explained  from  the  model.  Distributions  of  certain  other  trace  substances  are  not  at  variance 
with  the  model  From  a  preliminary  examination  of  the  angular  momentum  transport  processes  up  to 
60  km  it  appear*  that  transient  eddies  ire  also  important  to  these  levels  but  there  is  not  yet  sufficient  global 
coverage  to  evaluate  the  contributions  due  to  mean  motions  and  standing  eddies. 


1.  Introduction 

Meteorologists  presently  claim  an  understanding  of  the  behaviour  of  the  atmosphere 
below  the  tropopj use;  but  comparable  claims  cannot  yet  be  made  for  the  stratosphere, 
the  mesosphere  and  the  thermosphere.  As  with  most  physical  systems  our  comprehension 
is  limited  by  our  ability  to  observe  events  properly.  In  the  past  few  years  this  ability  has 
increased  by  leaps  and  bounds.  Reliable  data  to  about  30  km  (10  mb)  are  now  gathered 
on  a  routine  basis  from  the  radiosonde  network;  with  special  attention,  balloons  may  be 
used  to  altitudes  of  35  or  40  km  (Conover,  Lowenthal  and  Taylor  1960;  Hopper  and 
Laby  1960).  The  Meteorological  Rocket  Network  over  North  America  provides  synoptic 
wind  data,  and  some  temperature  data,  in  four  periods  of  each  year  at  altitudes  to  65  km 
(0-1  mb)  (Webb,  Hubert,  Miller  and  Spurling  1961).  A  tantalizing  glimpse  of  the  wind 
and  temperature  structure  to  85  km  (~  0-004  mb)  has  been  provided  by  the  rocket 
grenade  experiments  (Stroud,  Nordberg,  Bandeen,  Bartman  and  Titus  1960;  Groves 
1960;  Nordberg  and  Stroud  1961;  Teweles  1961)  which  have  shown  variability  in  the 
mesophere  corresponding  to  that  found  in  tropospheric  weather.  Between  80  and  100  km 
meteor  trail  drift  observations  (Elford  1959;  Greenhow  and  Neufeld  1955,  1956),  taken 
over  several  years,  have  provided  the  wind  velocities  for  one  station  in  each  hemisphere, 
including  the  tidal  components  whose  origin  is  still  not  completely  resolved.  Just  above 
this  layer  ionospheric  discontinuities  have  been  tracked  and  interpreted  in  terms  of  winds 
(Mitra  1949).  Sodium  vapour  trails  extending  to  altitudes  of  200  km  have  also  been 
tracked  to  obtain  wind  velocity  in  a  few  cases  (Manring  and  Bedinger  1960).  Certain 
rocket  flights  (Horowitz  ami  LaGow  1957,  1958;  Horowitz,  LaGow  and  Giuliani  1959) 
have  enabled  temperatures  to  be  calculated,  with  various  assumptions,  up  to  these  levels. 
At  higher  altitudes,  to  about  1,000  km,  our  knowledge  is  restricted  to  that  of  density 
(King-Hele  1961)  and  composition  (Istomin  1959).  Again  under  certain  assumptions 
temperatures  can  be  calculated. 

*  That  paper  tuned  tuskly  haooutabic  uaatkxx  is  the  1962  Napier  Shaw  Eaaay  Competition. 
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The  atmospheric  circulation  patterns  derived  from  the  whole  gamut  of  techniques 
used  below  100  km  have  been  presented  by  Murgatroyd  (1957)  and  Batten  (1%1);  wind 
data  are  more  abundant  than  temperature  data  in  the  section  above  30  km.  The  patterns 
above  the  tropo pause  suggest  to  the  meteorologist  very  similar  questions  to  those  that  were 
raised  many  years  ago  concerning  the  circulation  of  the  troposphere.  One  may  enquire, 
for  example,  about  the  source  of  the  kinetic  energy  represented  by  these  circulations. 
How  much  of  the  kinetic  energy  is  advected  across  the  lower  and  upper  boundaries,  either 
as  kinetic  or  potential  or  internal  energy,  and  how  much  is  generated  in  situ  from  the 
effects  of  solar  and  infra-red  radiation  ?  This  particular  topic  was  the  subject  of  a  recent 
paper  by  Starr  (1959b)  in  which  he  emphasized  the  importance  of  a  study  of  the  energy 
flux  across  levels  such  as  the  tropo  pa  use.  Another  striking  fact  is  the  reversal  of  the  wind 
direction  that  takes  place  between  summer  and  winter  in  the  region  below  about  70  km. 
Where  are  the  sources  and  sinks  of  relative  angular  momentum  for  this  region  ?  Does 
the  summer  easterly  regime  correspond  to  some  systematic  removal  of  angular  momentum 
from  the  region  into  the  troposphere  ?  Or  are  there  some  torques,  not  yet  understood, 
that  are  operating  in  situ  ?  One  may  also  enquire  about  the  character  of  the  mixing 
processes  in  the  region.  If  a  foreign  trace  substance  is  introduced  into  the  atmosphere 
at  say  60  km  what  happens  to  it  ?  Does  it  rapidly  mix  throughout  the  region  50-80  km, 
so  that  in  the  course  of  a  month  or  so  it  is  uniformly  distributed  ?  Or  is  it  confined  to  a 
thin  layer  in  the  vertical  and  limited  in  latitudinal  extent  ?  In  contrast  to  the  opinions 
prevalent  some  years  ago  it  seems  that  the  atmosphere  is  reasonably  well  mixed  up  to 
about  100  km  (Meadows  and  Townsend  1960)  but  the  time  scale  associated  with  the 
mixing  is  not  yet  known. 

Answers  to  the  first  two  sets  of  questions  can  be  obtained  by  application  of  the 
principles  of  conservation  of  energy  and  momentum.  The  third  set  indirectly  can  be 
attacked  with  the  principle  of  the  conservation  of  mass.  One  of  the  first  steps  should  be 
the  construction  of  a  budget  to  keep  track  of  the  energy  and  angular  momentum  involved 
in  the  region  from  the  tropo  pause  to  100  km.  When  one  constructs  from  the  circulation 
patterns  cross-sections  of  the  kinetic  energy  density  and  angular  momentum  density  of 
the  region  it  immediately  becomes  obvious  that  from  physical  considerations  the  kinetic 
energy  and  momentum  advected  across  the  upper  boundary  makes  a  negligible  contribu¬ 
tion  to  the  total  budget.  Such  statements  cannot  at  present  be  made  about  the  higher 
layers,  for  example  900-1 ,000  km.  It  is  equally  clear  that  relatively  small  changes  near 
the  lower  boundary  can  give  rise  to  enormous  changes  in  the  upper  half  of  the  layer 
considered  -  if  indeed  there  is  any  relationship  between  events.  It  therefore  seems  logical 
that  we  build  from  our  knowledge  of  the  troposphere  to  gain  some  understanding  of  the 
vertical  fluxes  of  energy,  angular  momentum  and  mass  at  the  tropopause,  then  investigate 
in  detail  the  next  layer  above,  say  from  the  tropopause  to  30  km,  with  the  ultimate  aim 
that  we  shall  evaluate  the  vertical  fluxes  at  30  km  as  soon  as  events  in  the  layer  are  under¬ 
stood  and  as  soon  as  observations  allow. 

During  the  past  three  years  the  Planetary  Circulations  Project  at  the  Massachusetts 
Institute  of  Technology,  directed  by  Professor  V.  P.  Starr,  has  been  evaluating  the 
horizontal  and  vertical  fluxes  of  energy  and  momentum  in  the  layer  from  100  to  10  mb. 
Data  collected  during  the  International  Geophysical  Year  have  beet  used.  As  is  well 
known,  similar  computations  have  been  made  over  the  past  twelve  years  for  the  atmosphere 
between  the  surface  and  100  mb.  A  picture  of  the  workings  of  the  stratospheric  region 
is  emerging  that  is  not  only  of  considerable  interest  in  its  own  right  but  which  will  provide 
an  indispensable  springboard  for  the  study  of  the  layers  above  -  say  30-50  km,  50-80  km 
and  80-100  km.  Some  of  the  findings  will  be  quoted  below. 

There  are  several  approaches  to  the  study  of  transport  processes  within,  and  into, 
the  stratosphere.  If  direct  observations  of  temperature,  pressure  and  wind  velocity  are 
available  one  can  either  attempt  a  comprehensive  study  of  events  over  a  short  period  by 
isentropic  trajectory  analysis  or  some  similar  technique,  or  one  can  collect  the  observations 
together  over  a  long  period  of  time  and  study  the  average  values  both  of  the  elements 
themselves  and  of  derived  quantities  such  as  the  transport  of  momentum  and  energy.  The 
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latter,  the  climatological  approach,  is  the  one  adopted  by  the  Planetary  Circulations  Project. 
Yet  another  approach  is  available  if  one  has  observations  of  some  trace  substance  as  a 
function  of  latitude,  longitude,  height  and  time.  If  the  substance  can  be  treated  as  con¬ 
servative  in  its  passage  from  its  sources  to  its  sinks  then  changes  in  concentration  and 
gradients  of  concentration  can  be  interpreted  in  terms  of  atmospheric  transport  processes. 
This  technique  is  essentially  an  application  of  the  principle  of  mass  conservation. 

Until  quite  recently  much  of  the  literature  concerning  the  general  circulation  of  the 
lower  stratosphere  has  contained  conclusions  based  on  observations  of  the  distribution  of 
trace  substances.  Craig  (1948),  for  example,  interpreted  ozone  observations  as  implying 
a  mean  meridional  motion  from  equatorial  to  polar  regions  in  the  lower  stratosphere. 
Brewer  (1949),  from  water  vapour  and  ozone  data,  suggested  that  there  is  a  direct  mean 
meridional  cell  involved  with  rising  motion  through  the  tropical  tropopause,  northward 
motion  (in  the  northern  hemisphere)  between  low  and  middle  or  high  latitudes  and  sinking 
motion  to  the  north.  Similar  types  of  mean  meridional  circulations  have  been  suggested 
by  Goldie  (1950)  from  meteorological  observations,  Dobson  (1956)  from  ozone  and  water 
vapour  data,  Stewart,  Osmond,  Crooks  and  Fisher  (1957),  Machta  (1957),  Dyer  and  Yeo 
(1960)  Libby  and  Palmer  (1960)  all  from  observations  of  fission  products,  and  Burton  and 
Stewart  (1960)  from  observations  of  natural  radioactive  substances.  Murgatroyd  and 
Singleton  (1961)  have  deduced  the  existence  of  such  a  circulation  in  meridional  planes  from 
calculations  based  on  the  radiation  budget  alone  with  consideration  of  possible  eddy 
heat  transport  omitted.  Brewer,  Machta  and  Murgatroyd  and  Singleton  have  each  pointed 
out  that  one  of  the  major  drawbacks  of  these  schemes  is  that  the  angular  momentum 
budget  of  the  atmosphere  is  not  balanced  by  the  circulations  postulated,  at  least  in  certain 
regions. 

There  is,  of  course,  a  parallel  between  the  suggestions  of  a  mean  meridional  circulation 
in  the  stratosphere  and  the  similar  suggestions  made  many  years  ago  of  a  direct  meridional 
circulation  in  the  troposphere.  Such  a  direct  circulation  was  supposed  to  transfer  heat 
energy  from  the  source  regions  at  low  latitudes  to  the  sink  regions  near  the  poles.  Later 
it  turned  out  that  the  heat  transfer  mechanism  was  somewhat  different.  Certainly  the 
differential  heating  produces  available  potential  energy,  but  instead  of  this  being  realised 
as  kinetic  energy  of  a  mean  meridional  motion  it  appears  that  under  the  combined  influence 
of  the  differential  heating  and  rotation  of  the  earth  the  potential  energy  is  converted  into 
available  potential  energy  of  the  large  scale  quasi-horizontal  eddies,  thence  into  kinetic 
energy  of  the  eddies  and  thence  into  kinetic  energy  of  the  mean  zonal  flow.  It  is  these 
large-scale  eddies  which  produce  the  heat  flux  poleward  and  not  the  mean  motion.  Indeed 
these  eddies  in  the  process  also  transport  relative  angular  momentum  northward  and  for 
a  complete  angular  momentum  balance  an  indirect  mean  meridional  cell  has  been  postu¬ 
lated  (Eady  1950)  and  observed  (Starr  1954).  In  view  of  the  experience  with  the  tropos¬ 
phere  it  is  thus  not  necessarily  logical  to  suggest  that  the  differential  heating  in  the 
stratosphere  and  mesosphere  produces  a  direct  mean  meridional  circulation.  Murgatroyd 
and  Singleton  carefully  pointed  out  that  eddy  transports  would  ultimately  have  to  be 
included  in  their  calculations. 

Several  authors  have  proposed  that  the  distribution  of  tracers  can  best  be  explained 
by  large-scale  eddy-mixing  processes  with  a  flow  down  the  concentration  gradient  for  any 
particular  tracer.  Reed  (1953)  felt  that  vertical-eddy  mixing  was  important  but  that 
horizontal- eddy  mixing  should  also  be  considered.  Martin  (1956)  was  one  of  the  first 
to  investigate  the  latter  suggestion  with  regard  to  ozone;  his  work  was  based  on  com¬ 
putations  of  the  horizontal  ozone  flux  using  actual  ozone  and  wind  data  Godson  (1960) 
and  Ramanathan  and  Kulkami  (1960)  also  pointed  out  that  barociinic  waves  may  govern 
the  ozone  flux.  In  a  thesis  written  in  1959,  the  author  (Newell  1960a;  1960b)  pointed  out 
that  Martin’s  work  could  possibly  explain  the  observed  distributions  of  fission-product 
radioactivity  and  simultaneously  account  for  the  stratospheric  countergradient  flux 
of  heat  reported  by  White  (1954).  Evidence  in  favour  of  the  idea  came  when  observations 
of  tungsten  185,  collected  by  U-2  aircraft  at  altitudes  up  to  70,000  ft,  were  released  (Feely 
and  3par  1960a).  There  is  now  evidence  at  hand  from  extensive  meteorological  data 
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that  the  eddy -mixing  interpretation  gives  a  stratospheric  model  which  is  not  at  variance 
with  considerations  of  angular  momentum  and  energy  balance.  Some  of  these  data  have 
been  discussed  elsewhere  (Newell  1%1).  The  main  purpose  of  the  present  paper  is  to 
summarize  tire  work  on  tracers  that  has  led  to  the  current  picture  of  stratospheric- 
tropospheric  exchange  and  to  the  current  ideas  concerning  transport  processes  within 
the  stratosphere.  Calculations  of  the  ozone  flux  during  the  International  Geophysical 
Year  will  be  presented  in  detail  as  the  main  observational  basis  for  the  model  and  an 
effort  will  be  made  to  fit  the  observations  of  trace  substances  into  a  picture  which  is  also 
consistent  with  the  extensive  meteorological  observations  processed  by  the  members  of 
the  Planetary  Circulations  Project. 


2.  Tropospheric-stratospheric  interchange  from  tracer  studies 

The  exchange  of  air  between  the  troposphere  and  stratosphere  is  a  topic  which  is 
still  not  thoroughly  understood  but  which  has  received  considerable  attention  of  late  in 
attempts  to  account  for  observations  of  trace  substances  in  the  two  regions.  One  of  the 
first  studies  of  the  exchange  which  used  methods  of  synoptic  meteorology  was  that  of 
Reed  and  Sanders  (1953);  in  evaluating  the  mechanisms  and  motions  that  occurred  in  the 
formation  of  a  baroclinic  frontal  zone  they  found  evidence  that  stratospheric  air  was 
entrained  into  the  zone.  Sawyer  (1955),  in  a  study  of  detailed  aircraft  observations  of  a 
frontal  zone,  noticed  that  a  tongue  of  very  dry  air  was  often  present  in  association  with  the 
zone  and  on  one  occasion  was  able  to  trace  it  backwards  in  time  along  a  quasi-horizontal 
path  into  the  stratosphere.  In  similar  vein,  Ramanathan  (1956)  suggested  that  ozone 
may  escape  into  the  troposphere  via  the  quasi-horizontal  circulations  associated  with 
the  jet  stream. 

Intense  interest  in  the  topic  was  aroused  when  it  was  found  that  many  months  after 
nuclear-weapon  tests  had  ceased,  considerable  concentrations  of  radioactivity  were  still 
observed  in  the  troposphere  in  spite  of  the  fact  that  the  debris  had,  supposedly,  a  mean 
life  in  the  troposphere  of  only  30  days  (the  removal  being  principally  by  precipitation). 
The  debris  originated  from  those  parts  of  the  original  nuclear  clouds  that  had  penetrated 
into  the  stratosphere;  such  high  yield  explosions  occurred  either  at  high  or  low  latitudes. 
Machta  (1957)  suggested  that  the  material  entered  the  troposphere  in  the  vicinity  of  the 
middle-latitude  tropopause  discontinuity.  Some  of  the  data  on  the  radioactivity  of  the 
air  is  now  examined  to  see  if  there  is  any  support  for  the  hypothesis. 

One  of  the  best  sets  of  observations  of  the  fission-product  radioactive  substances  in 
the  lower  troposphere  is  that  collected  by  the  United  States  Naval  Research  Laboratory. 
There  are  20  stations  along  80’W.  At  each  station  air  is  blown  through  a  circular  piece 
of  asbestos-based  filter  paper,  8  in.  diameter,  at  a  flow  rate  of  about  30  cubic  feet  per 
minute.  The  paper  has  essentially  100  per  cent  retention  for  0-3  ju.  particles  and  90  per  cent 
retention  for  particles  as  small  as  0  02  f*.  Filters  are  changed  daily  at  0800  hr  local  time, 
and  forwarded  to  Washington  where  they  are  ashed  at  650°C  and  then  all  counted 
for  gross  /3-activity  with  one  and  the  same  end-window  Geiger-Muller  Tube.  Each  day 
the  count  of  a  standard  sample  and  the  background  count  is  obtained.  Most  stations 
commenced  daily  sampling  at  the  beginning  of  the  I.G.Y.  period  and  continued  until 
November  1959,  at  which  point  the  low  levels  of  activity  made  necessary  a  change  to 
three-day  sampling  periods,  (Dr.  L.  B.  Lockhart  of  the  Naval  Research  Laboratory 
has  kindly  supplied  the  author  with  this  valuable  geophysical  record).  Monthly  mean 
meridional  profiles  have  been  constructed  and  are  shown  in  Fig.  1  (see  also  Lockhart 
and  Patterson  1960;  Lockhart,  Patterson,  Saunders  and  Black  1960).  Tests  ceased  on 
4  November  1958,  and  apart  from  the  French  tests  in  February,  April  and  December 
1960  and  April  1961,  which  are  reflected  directly  in  the  monthly  data,  most  of  the  tropo¬ 
spheric  radioactivity  during  1959,  1960  and  1961  had  come  from  the  stratosphere.  As 
previously  mentioned,  the  mean  residence  time  of  radioactive  particles  in  the  troposphere 
is  about  30  days  (Stewart,  Crooks  and  Fisher  1956).  It  is  very  difficult  to  make  a  detailed 
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interpretation  of  these  profiles  because  they  are  essentially  the  end  product  of  stratospheric- 
transport  processes,  stratospheric-tropospheric  exchange,  tropospheric-transport  and 
tropospheric-removal  processes.  All  of  the  factors  may  vary  with  latitude  and  season. 
Nevertheless  three  general  points  are  outstanding;  there  are  maxima  in  middle  latitudes 
of  both  hemispheres  :  the  maxima  move  north  and  south  with  the  sun  :  the  concen¬ 
trations  are  highest  in  the  spring 

The  first  point  cannot  be  explained  by  the  variation  of  rainfall  with  latitude.  In  the 
tropics  there  is  an  inverse  relationship  between  the  radioactivity  of  the  air  and  the  rainfall 
(Lockhart,  Bans  and  Biifford  1959)  but  it  cannot  be  extended  to  middle  latitudes  for  in 
the  periods  examined  in  detail  there  was  more  rainfall  at  the  stations  with  high  activity 
(25-40°N)  than  in  the  region  to  the  north  with  much  lower  activity.  The  strontium-90 
content  of  soil  samples  taken  f  rora  tfte  entire  globe  shows  a  similar  middle-  latitude  maximum, 
even  when  the  samples  are  collected  from  a  line  of  equal  rainfall  rate  (Alexander  1959). 
In  an  effort  to  elucidate  the  second  point,  profiles  of  mean  monthly  zonal  component  of 
the  200  mb  wind  at  stations  along  80°W  in  the  northern  hemisphere  were  compared 
with  the  radioactivity  profiles  and  it  was  noted  that  the  respective  maxima  move  north 
and  south  in  phase  with  the  radioactivity  maxima  displaced  to  the  south  by  5-10°.  The 
displacement  is  in  the  direction  that  would  be  expected  from  physical  considerations,  as 
the  potential  temperature  surfaces  from  the  lower  middle-iatitude  stratosphere  that 
penetrate  the  tropical  troposphere  or  baroclinic  zone  slope  downwards  towards  the  equator. 
It  is  not  intended  to  assert  that  the  transport  is  purely  meridional.  The  secondary 
maximum  in  the  northern  hemisphere  at  Thule  (74°N)  that  appears  after  tests  at  high 
latitudes  by  the  U.S.S.R.  represents  either  direct  stratospheric-tropospheric  exchange 
at  high  latitudes  or  a  longer  wash-out  time. 

There  is  clearly  much  more  information  to  be  gleaned  from  the  concentration  values 
and  no  doubt  will  be  gained  when  the  injection  into,  and  removal  from,  the  troposphere 
is  more  thoroughly  understood.  For  the  present  the  very  simple  assumption  will  be 
made  that  the  daily  concentration  values  along  80°W  in  the  northern  hemisphere  are 
not  directly  related  to  the  rainfall.  The  actual  tropospheric  wind  data  can  then  be  used 
to  estimate  the  flux  of  fission  products  in  the  lower  troposphere.  Surface  concentrations 
were  combined  with  wind  velocities  from  TO  or  1-5  km  and  calculations  were  made  of 
the  north-south  eddy  flux  of  fission  products  by  means  of  the  technique  which  will  be 
outlined  later  in  the  discussion  of  ozone.  The  average  monthly  fission-product  concentra¬ 
tion  at  4,000  ft  has  a  correlation  coefficient  with  the  concentration  at  the  surface  of  +  0-85 
(calculated  from  data  tabulated  by  Pierson,  Crooks  and  Fisher  1960)  and  thus  it  seemed 
reasonable  to  take  the  transports  as  representative  of  the  lower  troposphere.  From  the 
flux  values  at  adjacent  stations  along  80°W,  with  the  assumption  that  the  zonal  flux  is 
divergence  free,  the  divergence  of  radioactivity  in  a  given  volume  of  the  lower  troposphere 
was  calculated.  The  equation  of  continuity  was  then  used  to  estimate  the  vertical  flux 
into  or  out  of  the  volume.  If  convergence  was  indicated  it  could  only  come  about  by 
descent  of  material  from  above,  whereas  divergence  could  be  interpreted  either  as  removal 
by  precipitation  or  settling  on  to  the  earth’s  surface  or  as  upward  transport.  Four  two- 
month  periods  free  of  tests  in  the  winters  of  1958  and  1959  were  chosen  for  the  calculations. 
The  results  showed  a  divergence  of  the  meridional  flux  from  a  region  of  30-35°N  which 
suggests  that  downward  transport  occurred  into  that  region.  There  was  also  an  indication 
of  a  southward  transport  from  high  latitudes  which  may  have  corresponded  to  direct 
stratospheric-tropospheric  exchange.  The  results  have  been  discussed  in  detail  elsewhere 
(Newell  1960b)  and  have  since  been  extended  to  include  the  continent  of  North  America. 
Both  zonal  and  meridional  fluxes  have  been  calculated  for  the  entire  year  1959.  Again 
in  the  region  of  80°W  there  are  indications  of  downward  transport  in  middle  latitudes 
with  the  region  of  downward  flux  moving  northward  in  summer.  A  complete  description 
of  this  more  complex  procedure  will  be  published  in  a  separate  paper.  The  main  object 
here  is  to  point  out  that  not  only  the  daily  values  themselves  but  also  the  tropospheric- 
transport  values  derived  from  these  values  can  be  explained  quite  well  with  the  assumption 
that  the  majority  of  the  radioactivity  enters  the  troposphere  in  the  region  of  the  baroclinic 


Avenge  fiaaion -product  concentration  (dpm  m-1) 


■  LATTTUDt  •  LATTTUDi 

Figure  1  (a).  Average  fiaaion -product  concentration  in  auHaoe  air  along  80°W.  Units  are  in  disintegrations 

per  minute  per  cubic  metre. 
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Figure  1  (b).  Avenge  fiwion-product  concentration  in  surface  air  along  80*W.  Unita  are  in  disintegration* 

per  minute  per  cubic  metre. 
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Figure  1  (c).  Average  fission-product  concentration  in  surface  air  along  80°W.  Units  are  in  disintegrations 

per  minute  per  cubic  metre. 


zones  and  tropopause  discontinuities.  The  possibility  of  a  secondary  direct  source  at 
high  latitudes  from  tests  by  the  U.S.S.R.  is  quite  reasonable  on  meteorological  grounds 
because  the  vertical  gradient  of  temperature  in  the  lower  stratosphere  in  winter  is  negative, 
as  in  the  upper  troposphere.  Presumably  small-scale  vertical-eddy  mixing  can  proceed 
more  easily  in  these  conditions  than  when  there  is  an  inversion  at  the  tropopause  (see, 
for  example,  the  work  of  Ball  (i960)). 

There  have  recently  been  several  detailed  studies  of  the  structure  of  the  isentropic 
surfaces  in  the  vicinity  of  frontal  zones  over  North  America.  These  studies  (see  Reed 
and  Danielsen  1959;  Danielsen  1959;  Staley  1960)  show  several  good  examples  where 
isentropic  surfaces  pass  from  troposphere  to  stratosphere  Consideration  of  constant 
potential  vorticity  trajectories  on  these  surfaces  shows  the  physical  possibility  of  transfer 
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in  both  directions.  The  laminar  structure  revealed  suggests  that  transfer  is  accomplished 
quasi-hcnzontaliy  rather  than  by  direct  vertical  circulations. 

Having  established  that,  according  to  the  meteorological  analysis,  air  can  pass  between 
the  two  regions  in  the  vicinity  of  the  jet  stream  and  baroclinic  zone,  and  having  shown 
that  such  passage  provides  a  reasonable  explanation  for  the  high  concentrations  of  fission 
products  observed  in  the  middle-latitude  troposphere,  one  must  enquire  if  there  is  any 
direct  evidence  of  the  transfer  of  trace  substances  in  the  region  of  interest.  Sawyer  (1955) 
showed  cases  where  the  dry  air  in  the  frontal  zone  had  probably  come  from  the  stratos¬ 
phere.  Helliwell's  (1960)  measurements  suggest  transfer  in  the  opposite  sense,  for  he 
reports  several  occasions  when  the  air  of  the  lower  stratosphere  was  relatively  rich  in  water 
vapour  in  the  vicinity  of  frontal  zones.  Brewer  (1960),  in  a  discussion  of  some  of  the 
measurements  of  ozone  concentration  made  with  his  chemical  sonde,  has  pointed  out 
several  ways  in  which  ozone  may  be  transferred  from  the  stratosphere  into  the  troposphere, 
including  direct  transfer  downwards  through  the  tropopause  and  also  the  schemes  presently 
under  discussion.  His  measurements  show  evidence  of  ozone -poor  layers  in  the  lower 
temperate  stratosphere  which  may  have  come  from  the  troposphere  and  there  are  also 
indications  of  ozone-rich  layers  in  the  troposphere.  Ney  and  Kroening  (1961)  using  the 
chemiluminescent  type  of  ozonesonde  described  by  Regener  (1960)  have  also  detected 
ozone-rich  layers,  about  1  km  thick,  in  the  upper  troposphere  which  may  have  entered 
from  the  stratosphere.  It  would  seem  that  the  quasi-horizontal  motions  indicated  from 
the  work  of  Danielsen  and  Staley  could  adequately  account  for  these  findings. 

Roach  (1961)  has  recently  presented  some  meridional  cross-sections  of  ozone  and 
frost-point  constructed  from  observations  made  by  the  Meteorological  Research  Flight. 
The  isopleths  of  ozone  concentration  show  a  definite  protrusion  from  the  stratosphere 
into  the  troposphere  in  the  region  of  the  jet  stream,  the  baroclinic  zone,  and  the  tropopause 
gap,  which  are  all  at  the  same  general  latitude.  The  effect  is  much  more  pronounced 
in  winter.  Roach  also  confirmed  Murgatroyd’s  (1959)  finding  of  a  high  negative  correla¬ 
tion  between  water  vapour  and  ozone  in  the  vicinity  of  the  jet  stream.  Ozone-poor, 
water-vapour-rich  layers  in  the  stratosphere  had  probably  recently  been  in  the  tropo¬ 
sphere. 

Giles  (1961)  has  summarized  the  data  on  the  concentration  of  strontium-90  in  the 
vicinity  of  jet  streams  obtained  in  the  troposphere  and  stratosphere  from  air  samples 
collected  by  aircraft.  Again  there  is  a  tendency  for  the  isolines  to  follow  the  tropopauses 
with  higher  concentrations  above  these  surfaces  and  there  is  a  protrusion  into  the 
troposphere  in  the  vicinity  of  the  jet  stream.  Paetzold  and  Piscaler  (1961)  have  reported 
the  protrusion  evident  from  ozone  soundings  made  during  and  after  the  International 
Geophysical  Year.  Their  observations  suggest  protrusions  at  both  the  polar  and  the 
subtropical  jets  in  winter. 

In  summarizing  the  status  of  the  tropospheric-stratospheric  exchange  problem  it 
can  be  said  that  there  is  now  considerable  experimental  evidence  from  the  observations  of 
trace  substances  which  indicates  that  much  of  the  mass  exchange  occurs  in  the  region  of 
the  jet  stream  and  tropopause  discontinuity.  Meteorological  evidence  in  the  form  of 
isentropic  cross-sectional  diagrams  is  not  at  variance  with  this  view.  Direct  vertical 
exchange  at  the  tropopause  or  exchange  by  virtue  of  the  local  change  of  height  of  the 
tropopause  are  factors  whose  contribution  is  not  yet  known.  Since  many  of  the  isolines 
of  the  trace  substances  tend  to  parallel  the  tropopause  away  from  the  regions  of  the 
jets,  it  would  appear  that  these  factors  are  smaller  than  the  mass  exchange  discussed 
above. 

The  firs:  two  facets  of  the  surface-air  radioactivity  values  have  now  been  discussed 
at  some  length.  The  third  aspect  was  the  higher  concentrations  observed  in  the  spring. 
Reference  to  Fig.  1  shows  that  the  phenomenon  is  best  marked  in  the  northern  hemisphere 
in  the  spring  of  1959.  In  1960,  events  were  confused  by  the  French  tests  of  February 
and  April  but  nevertheless  a  rise  in  levels  appeared  in  December  1959  and  January  1960. 
In  1961,  there  was  again  confusion  from  the  French  tests  of  December  1960  and  April 
1961  but  yields  were  low  and  again  the  rise  appeared  at  stations  not  influenced  by  these 
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tests.  It  is  actually  possible  by  using  isotope  ratio  data  or  age  determinations  to  eliminate 
the  confusion  entirely,  but  the  pertinent  data  will  not  be  discussed  here.  Suffice  it  to  say 
that  a  seasonal  effect  of  meteorological  origin  has  been  established.  One  may  ask  whether 
the  effect  is  due  to  increased  stratospheric-tropospheric  exchange  in  the  winter  and  spring 
or  to  increased  stratospheric  mixing  that  leads  to  higher  concentrations  in  the  middle 
latitude  stratosphere  or  to  both  causes.  The  fact  that  ozone  amounts  are  a  maximum 
in  the  spring  suggests  that  stratospheric  transport  is  the  principal  variable.  An  attempt 
to  examine  the  stratospheric  mixing  process  is  outlined  in  the  following  section. 


3.  Transport  of  ozone  within  the  stratosphere 

The  problems  relating  to  the  distribution  of  ozone  in  the  atmosphere  have  been 
discussed  at  length  by  many  authors  (see,  for  example,-  Dutsch  1946,  1956;  Craig  1950; 
Normand  1953;  Paetzold  1956;  Godson  1960;  Martin  1956;  Martin  and  Brewer  1959) 
and  as  they  have  had  considerable  airing  in  the  pages  of  this  journal  no  attempt  will  be 
made  to  present  a  comprehensive  review.  The  photochemical  theory  of  ozone  predicts 
maximum  amounts  in  the  layer  between  20  and  30  km,  with  total  amounts  in  a  vertical 
column  decreasing  from  the  equator  polewards  and  from  summer  to  winter.  Observa¬ 
tions  of  the  vertical  distribution  of  ozone  confirm  the  presence  of  the  layer  but  observations 
of  the  horizontal  distribution  show  an  increase  in  the  total  amount  of  ozone  with  latitude 
in  winter,  and  higher  values  in  middle  and  high  latitudes  in  the  late  winter  and  spring 
than  in  the  late  summer  and  autumn.  The  time  necessary  to  reach  50  per  cent  of  the 
photochemical  equilibrium  concentration,  after  a  disturbance  in  which  the  ozone  content 
of  an  air  parcel  is  entirely  removed,  is  30  minutes,  three  days,  and  seven  months,  for 
heights  of  50,  30  and  20  km  respectively  for  the  overhead  sun,  and  90  minutes,  one  month 
and  12  years  for  the  sun  at  the  horizon  (Nicolet  1958).  Hence  it  is  obvious  that  the  con¬ 
centration  of  ozone  in  the  layers  below  about  30  km  is  not  influenced  directly  by  the  sun. 
The  air  in  these  regions  is  effectively  shielded  from  the  ultraviolet  radiation  and  the  ozone 
can  thus  be  treated,  in  a  sense,  as  a  conservative  tracer.  Theory  and  observations  can 
be  reconciled  if  atmospheric  circulations  are  postulated  which  transport  ozone  from  low 
to  middle  and  high  latitudes  or  downwards  out  of  the  photo-chemical  equilibrium  regions 
in  middle  and  high  latitudes.  Such  atmospheric  circulations  have  previously  been  referred 
to  in  the  Introduction.  In  this  section,  calculations  of  the  horizontal  flux  of  ozone  within 
the  stratosphere  will  be  presented  and  an  effort  made  to  assess  the  role  of  quasi-horizontal 
circulations  in  the  ozone  budget. 

Supposing  the  ozone  concentration  at  a  particular  point  at  a  given  time  is  O;  we 
can  write 

0  =  0+0'. 

where  the  bar  represents  the  time  mean  and  the  prime  the  departure  from  the  mean. 

Likewise  the  northward  component  of  the  wind  V  may  be  written 

V  -  V  +  V' 

The  instantaneous  northward  transport  of  ozone  will  be  given  by 
OV=OV  +  O'  V'  +  OV  +  O'V. 
and  the  time  averaged  transport  by 

ov  =  U  V  +  O'V. 

The  equation  is  an  expression  of  the  fact  that  the  northward  transport  of  ozone  at  a 
particular  point  is  due  to  transport  by  mean  meridional  motions  OV  and  transport  by 
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transient  eddy  processes  0’~V'.  For  the  latter  term  to  be  effective  in  the  present  problem 
it  is  necessary  that  northward-moving  parcels  of  air  contain  more  ozone  than  southward- 
moving  parcels.  The  eastward  transport  of  ozone  could  be  written  similarly  as 


on  =  DU  +  o'  u\ 


If  the  discussion  is  extended  from  a  point  to  the  hemisphere  and  the  northward 
transport  at  a  particular  level  is  considered,  then  a  third  possibility  exists  for  meridional 
transport  over  extended  time  periods,  namely,  that  in  the  pattern  of  the  so-called  standing 
eddy  disturbances  around  the  globe,  the  large-scale  troughs  and  ridges,  there  exists 
some  systematic  relationship  between  the  meridional  components  of  the  wind  and  the 
ozone  concentration.  For  example,  if  there  is  more  ozone  in  the  region  to  the  east  of  a 
trough  line  and  to  the  west  of  a  ridge  line  than  elsewhere  then  a  northward  transport  of 
ozone  must  exist.  Formally  such  a  transport  can  be  expressed  as  [OV]  —  [O]  [V]  where 
the  square  brackets  represent  average  values  around  latitude  circles.  These  procedures 
whereby  a  transport  process  is  resolved  into  three  components,  the  mean,  the  transient 
eddy  and  the  standing  eddy  transports,  have  been  used  extensively  in  the  study  of  planetary 
circulations  in  the  past  ten  years  (Priestley  1949;  Starr  1951;  Starr  and  White  1952; 
Starr  1954,  1957,  1959a).  Originally  they  were  applied  to  such  intrinsic  properties  of  the 
atmosphere  as  wind  velocity  and  temperature  to  calculate  momentum  and  heat  transports, 
but  in  recent  years  they  have  been  extended  to  the  study  of  trace  substances  such  as  water 
vapour  (Starr  and  White  1955;  Hutchings  1957),  ozone  (Martin  1956)  and  radioactive 
substances  (Newell  1960b). 

In  order  to  discuss  with  rigour  the  transport  of  ozone  over  the  hemisphere  it  is 
necessary  to  know  the  concentration  of  ozone  as  a  function  of  latitude,  longitude,  height 
and  time  as  well  as  the  concomitant  wind  distribution  including  both  vertical  and  horizontal 
components.  In  practice  the  only  synoptic  observations  of  ozone  on  a  global  basis  are 
those  of  the  total  amount  of  ozone  measured  by  the  Dobson  spectro-photometer.  This 
total  amount  refers  to  all  the  ozone  in  a  vertical  column  above  the  station  and  a  myriad 
of  wind  velocities  are  occurring  at  any  one  time  in  the  column.  It  is  difficult  to  see  how 
to  compute  the  ozone  flux  from  these  data.  Fortunately  it  has  been  found  that  when 
the  total  amount  of  ozone  changes,  much  of  the  change  occurs,  at  least  in  middle  latitudes, 
between  12  and  24  km.  Mateer  and  Godson  (1960)  find  the  coefficient  of  correlation 
between  the  total  amount  of  ozone  and  the  ozone  in  the  12-24  km  layer  to  be  -f  0-97 
(for  a  Canadian  station).  They  find  that  changes  of  ozone  in  this  layer  account  for  three- 
quarters  of  the  total  change,  on  a  daily  or  seasonal  basis.  The  amount  of  ozone  at  the 
Canadian  stations  on  which  the  study  was  based  ranged  from  about  0-29  to  0-50  cm  at  STP. 
Ramanathan  (1956)  found  a  similar  result  for  the  18-27  km  layer  at  an  Indian  station 
(the  ozone  centre  of  gravity  in  the  vertical  is  higher  at  low  latitudes).  There,  ozone  amounts 
ranged  from  0-15  to  0-21  cm  and  vertical  distributions  in  each  case  were  found  by  the 
umkehr  method.  The  distributions  and  findings  based  on  them  suggest  that  a  first  approxi¬ 
mation  to  the  transport  of  ozone  in  the  stratosphere  can  be  obtained  from  wind  velocities 
representative  of  the  12-24  km  layer  together  with  a  measure  of  the  total  amount  of 
ozone. 

The  Planetary  Circulations  Project  of  the  Massachusetts  Institute  of  Technology 
is  engaged  in  an  extensive  study  of  the  general  circulation  of  the  stratosphere,  based  on 
observations  collected  during  the  International  Geophysical  Year.  Computations  of  the 
seasonal  wind  velocities  and  temperatures  and  fluxes  of  angular  momentum  and  energy 
are  performed  by  machine  methods;  a  similar  approach  to  that  already  extensively  applied 
at  tropospheric  levels  (see  Starr  1954, 1957)  is  being  used.  Data  from  levels  of  100,  50,  30 
and  10  mb  are  used;  in  the  standard  atmosphere  they  correspond  to  heights  of  16,  21,  24 
and  30  km.  Altogether  some  220  stations  in  the  northern  hemisphere  are  used.  Twenty- 
five  stations  which  were  either  at,  or  close  to,  good  wind-reporting  sites,  reported  daily 
values  of  the  total  amount  of  ozone. 
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The  amounts  have  been  incorporated  into  the  machine  programme  and  three-month 
seasonal  averages  calculated  for  the  six  periods  of  the  I.G.Y.  In  addition  to  average  values 
O,  V,  U,  T  and  their  standard  deviations  <3  (O),  a  (V),  a  (U),  q  (T),  covariances  O’  V' , 
U'  O',  O'  T.  V  T,  TTV  and  correlation  coefficients  r  (O,  V),  r  (O,  U),  r  (O,  T),  r  (V,  T), 
r(U,V)  were  calculated.  The  data  which  involve  ozone  values  are  presented  here, 
although  reference  will  be  made  to  the  other  results  which  will  be  discussed  in  detail  else¬ 
where  by  my  colleagues.  There  are  too  few  data  to  make  an  analysis  of  the  30  and  10  mb 
results.  The  fluxes  reported  refer  only  to  levels  of  100  and  50  mb  (approximately  16  and 
21  km  respectively).  These  are  the  most  appropriate  levels  according  to  the  vertical  distribu¬ 
tion  data  examined  above.  At  the  lower  latitudes  it  would  perhaps  be  better  to  examine  only 
the  50  mb  results  but  there  is  always  present  some  inter-level  wind  correlation  (Charles  1959) 
and  so  both  levels  are  presented.  The  ozone  stations  used  are  listed  in  Table  1 


TABLE  1.  Ozone  stations 


Station 

International  Index  No. 

Location 

Marcus  Island,  Pacific 

yi-m 

24''  IT'S 

133*  58'E 

Torishima,  Japan 

47-963 

30’  2VN 

140*  lli'E 

Tatetio,  Japan 

47-646 

36’  0313 

140°  08' E 

Sapporo,  Japan 

47-412 

43°  03"N 

145’ m’ E 

Washington,  D.C.,  U.S.A. 

72-405 

3iT  SI'N 

7  7*  02'W 

Abastumani,  U.S.S.R. 

37-506 

41°  43*N 

42‘50'E 

(Tbilisi,  U.S.S.R.) 

37-549 

4!”4l'N 

44*  57-E 

Rome,  Italy 

16-239 

41°  4rN 

12*36'E 

Vladivostok,  U.S.S.R. 

31-960 

43°  07'N 

131°  54*E 

Alma  Ata,  U.S.S.R. 

36-870 

43*  IS'N 

76°  S6'£ 

Green  Bay,  Wisconsin,  ‘  A. 

72-645 

44*  29 "N 

88*  OS'W 

Bismarck,  N.  Dakota,  U.S.A. 

72-764 

46°  46'N 

100°  45'W 

Arosa,  Switzerland 

— 

46"  47'N 

09°  41'E 

(Milano,  Italy) 

16-080 

45*2rN 

09*  irz 

Caribou,  Maine,  U.S.A. 

72-712 

46°  5011 

GS'OtVW 

Camboume,  England 

03-808 

50°  13'N 

05*  19*W 

Moosonce,  Canada 

72-8.56 

51*  16'N 

80*  39"W 

Oxford,  England 

— 

51*  46'N 

01”  lO'W 

(Crawley,  England) 

03-774 

51°  OS'N 

00°  13*W 

Edmonton,  Canada 

72-879 

53°  3«'N 

113*  31*W 

Eskdaiemuir,  Scotland 

03-162 

55°  lO'N 

03*  lZAV 

(Leuchars,  Scotland) 

03-171 

56*  23'N 

02°  J3°W 

Aarhus,  Denmark 

06-070 

56*  18'N 

10°  3rE 

(Copenhagen,  Denmark) 

06-180 

55°  38'N 

12°  «0'£ 

Uppsala,  Sweden 

02-076 

59°  J2'N 

17°  37’E 

(Stockholm,  Sweden) 

02-077 

59°  2l'N 

17*  srz 

Leningrad,  U.S.S.R. 

26-063 

59*  57'N 

30°  «2'E 

Lerwick,  Scotland 

03-005 

60°  OS'N 

01*  U*W 

Reykjavik,  Iceland 

04-030 

64“  OS'N 

21*  54  *W 

(Keflavik,  Iceland) 

04-018 

63°  57'N 

23°  37*W 

Resolute,  Canada 

72-924 

74°  43TM 

94*  J9*W 

Alert,  Canada 

74-082 

82*  30U 

62'2<rW 

(  )  =  Wind  stations  where  wind  and  ozone  were  measured  at  different  sites. 
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TABLE  2.  Avekaqc  qzoh*  amounts 

Unit*  :  am  of  atone  st  8TP  (Number  of  observation*  in  parentheses) 


Juiy-September  1957  October -December  1957  January-March  1958 


Station 

O 

0(0) 

a 

0(0) 

o 

*(0) 

M arcus  Island 

_ _ 

— r 

— - 

0-241  (86) 

0*012 

Tarishkna 

•— 

— 

0  262  (25) 

0*012 

0-310  (74) 

0*050 

Tateno 

0-J01  (82) 

0*022 

0-290  (85) 

0-025 

0356  (77) 

0  044 

Sapporo 

— 

— 

0443  (29) 

0*039 

Washington  D.C. 

0319  (32) 

0  020 

0-296  (31) 

Z2 

0358  (40) 

0*036 

Abastumani 

0-23?  (46) 

0280  (37) 

0021 

0-347  (29! 

0*055 

Rome 

0-315  (81) 

0*0  U 

0306  (81) 

0028 

0-378  (90) 

0048 

Vladivostok 

0  268(22) 

0015 

0-259  (14) 

0*026 

— 

— 

Alma  Ata 

— 

— 

0-226  (11) 

9*021 

0-292  («) 

0*019 

Green  Bay 

— 

— 

— 

— 

0  386  (It) 

0*028 

Bismarck 

— 

— 

— 

~ 

0375  (52) 

0049 

Milano 

0-303  (74) 

0-018 

0-284  (?0) 

0*029 

0360  (64) 

0*052 

Caribou 

— 

— 

— 

— 

— 

Camboume 

0301  (84) 

0*029 

0-277  (77) 

0*030 

0-352  (57) 

0035 

Moosonee 

0323  (73) 

0*024 

0-319  (72) 

0*031 

0-397  (83) 

0046 

Crawley 

0331  (91) 

0*030 

0288  {86} 

0*036 

0368  (78) 

0054 

Edmonton 

0304  (76) 

0-027 

0-291  (74) 

0044 

0379  (33) 

0062 

Leu  chars 

0-323  (3) 

0*024 

0294(64) 

0  029 

0380  (62) 

0*073 

Copenhagen 

0332  (91) 

0*026 

0306  (85) 

0*033 

0-428  (78) 

0  073 

Stockholm 

0-318  (73) 

0*017 

0-275  (71) 

0*030 

0-404  (68) 

0*074 

Leningrad 

0347  (37) 

0*025 

0-303  (10) 

0019 

0  460  (24) 

0*023 

Lerwick 

0330  (83) 

0*032 

0-2*0  (46) 

0-026 

0-403  (36) 

0*049 

Kefiavik 

0  307  (73) 

0*022 

0-291  (71) 

0*032 

0401  (72) 

0075 

Trotnao 

0  302  (80) 

0-018 

0277  (86) 

0*040 

0-420  (86) 

0*093 

Resolute 

0310  (37) 

0*040 

0281  (20) 

0-03S 

0  442  (8) 

0049 

Alert 

0301  (70) 

0  020 

— 

0-433  (8) 

0116 

April -June  1958 

July-Sept  ember  1958 

October- December  195 

Station 

O 

<r(0) 

a 

*(o> 

a 

°(0) 

Marcus  Island 

0287  (80) 

0*019 

0  282  (91) 

0*012 

0-237  (90) 

0013 

Torishinaa 

0341  (76) 

0-021 

0300(84} 

0024 

0-256  (83) 

0016 

Tateno 

0  333  (*1) 

0*026 

0  302  (84) 

0*021 

0290  (70) 

0*023 

Sapporo 

0422  (69) 

CH>44 

0326  (82) 

0*028 

0337  (70) 

0*049 

Washington  D.C. 

0332  (77) 

0052 

0-312  (73) 

0*037 

0-301  (86) 

0*025 

Abastumani 

0324  (24) 

0*035 

0276  (40) 

0*017 

0-273  (44) 

0*028 

Rome 

0374  (90) 

0040 

0311  (91) 

0*017 

0311  (79) 

fr032 

Vladivostok 

0  32Z  (22) 

0038 

0-273  (24) 

0*014 

0-272  (37) 

0*045 

Alma  At* 

0-283  (22) 

0022 

0-234  (36) 

0*024 

0232  (13) 

0  032 

Green  Bay 

0336  (66) 

0-028 

0293  (64) 

0*023 

0  313  <37} 

0*048 

Bismarck 

0  369  (81) 

0-046 

0303  (87) 

0*045 

0-300  (71) 

0*033 

Milano 

0366(66) 

0034 

0-312  (83) 

0*026 

0-294  (66) 

0*028 

Caribou 

0  376  (57) 

0*031 

0-321  (82) 

0-035 

0-318  (78) 

0046 

Camboume 

0368  (89) 

0*032 

0-320  (68) 

0*031 

0-2%  (63) 

0*050 

Moosonee 

0-413(91) 

0050 

0-339  (92) 

0*028 

0-359  (89) 

0*050 

Crawley 

0-394  (87) 

0028 

0-331  (90) 

0*033 

0  299  (71) 

0*039 

Edmonton 

0-380  (90) 

0041 

0-317  (91) 

0*027 

0-334  (91) 

0*042 

Leuchars 

0  381  (68) 

0  032 

0323  (83) 

0*031 

0308  (78) 

0*040 

Copenhagen 

0-414  (88) 

0038 

0-337  (90) 

0*033 

0  308  (38) 

0*032 

Stockholm 

U  374  (82) 

0050 

0309  (81) 

0-033 

0-283  (56) 

0*042 

Leningrad 

0397  (34) 

0039 

0-337  (54) 

0*031 

0-272  (15) 

0*018 

Lerwick 

0-389  (91) 

0*037 

0319  (92) 

0*032 

0-277  (50) 

0*034 

Kefiavik 

0-383  (87) 

0036 

0-316  £92) 

0*038 

0  319  (56) 

0*047 

Trocnso 

0-396  (85) 

0039 

0299  (80) 

0027 

0  290(76) 

0*046 

Resolute 

0-406  (68) 

0047 

0-333  (92) 

0*024 

0-383  (26) 

0-079 

Alert 

0416(77) 

0  065 

0310  (79) 

0*033 

0  313  (2) 

0*013 
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together  with  the  wind  velocity  stations  in  parenthesis  where  wind  and  ozone  were  measured 
at  different  sites.  There  are  other  ozone  stations  in  the  northern  hemisphere  but  either 
ozone  or  wind  values  were  not  available  here  at  the  time  the  computations  were  made 
(during  1960  and  early  1961).  As  soon  as  ozone  amounts  are  made  available  we  propose 
to  extend  the  computations  to  1959,  1960  and  1961. 

Wind  velocities  were  received  for  both  0001  gmt  and  1200  gmt  for  all  stations  except 
Marcus  Island,  which  relayed  data  only  for  0001  gm*t.  All  the  calculations  mentioned 
above  were  performed  separately  for  these  two  times.  Ozone  stations  in  Canada,  Japan, 
the  United  States  and  the  U.S.S.R.  reported  values  of  the  total  amount  of  ozone  applicable 
to  several  different  times  each  day  (on  World  Meteorological  Organization  form  0-1); 
in  such  cases  the  ozone  value  nearest  in  time  to  the  wind  observation  was  selected  for  the 
computations.  Completed  forms  for  Moosonee  and  Edmonton  were  not  received  until 
after  the  calculations  were  made  and  forms  for  the  European  stations  still  have  not  been 
received.  In  these  raises  one  tentative  value  was  available  for  each  day  and  was  used  in  the 
calculations  with  the  two  wind  velocities  nearest  in  time. 

A  summary  of  the  average  ozone  amounts,  by  station  and  season,  principally  compiled 
from  the  results  of  the  1200  gmt  calculations,  appears  in  Table  2.  Ozone  amounts  for 
Tromso  (69°  40'N  18°  57'E)  are  also  included  for  reference;  this  is,  of  course,  one  of  the 
oldest  ozone-reporting  stations  and  of  great  interest,  but  winds  were  not  available  to  the 
heights  necessary  for  our  transport  calculations.  The  average  amounts  show  the  well- 
known  seasonal  variation,  although  it  is  not  so  well  marked  when  three-month  averages 
are  considered.  Most  stations  show  higher  amounts  in  the  January-March  1958  period 
than  the  April-June  period  but  the  reverse  is  true  for  the  two  low-latitude  stations  and  for 
those  in  the  latitude  belt  from  45-55°N.  There  is  a  general  tendency  for  ozone  amounts  to 
increase  with  latitude  except  in  the  October-December  periods.  The  variation  of  ozone 
amount  with  longitude  is  quite  striking.  Sapporo,  at  43°N  141°E,  has  very  much  higher 
values  in  the  first  half  of  1958  than  stations  in  comparable  latitudes  at  other  longitudes. 
It  is  difficult  to  decide  on  the  basis  of  just  one  station  whether  the  high  values  are  meteoro¬ 
logical  in  origin  or  are  due  to  instrumental  effects.  A  recent  paper  by  Sekiguchi  (1961) 
favours  the  former  explanation. 

The  standard  deviations,  also  shown  in  Table  2,  are  largest  in  middle  and  high 
latitudes  and  in  the  January-March  1958  period.  In  the  July-September  periods  the 
variability  exhibited  is  low  at  all  latitudes. 

Perusal  of  the  covariance  values  shows  considerable  variation  from  one  season  to  the 
next  and  even  between  the  same  season  in  successive  years.  Variations  with  longitude 
are  also  evident.  These  variations  are  not  surprising  to  the  meteorologist,  particularly 
when  the  relatively  small  number  of  observations  is  taken  into  account.  The  principal 
interest  in  the  present  paper  is  in  the  general  circulation  of  ozone.  We  have  therefore 
collected  together  observations  in  the  same  latitude  belt  to  form  some  estimates  of  the 
global  flux  of  ozone.  Calculations  for  both  time  sets  have  been  combined  and  thus  the 
number  of  cases  quoted  does  not  always  represent  the  number  of  independent  observations 
but  may  be  up  to  a  factor  of  two  higher  than  this  quantity.  There  was  an  exception  to 
the  grouping  by  latitude  belts  in  the  case  of  Japan.  For  reasons  to  be  discussed  presently 
it  was  decided  to  treat  these  three  stations  as  a  separate  group  rather  than  include  them 
in  the  latitude  belts  with  others.  There  were  not  sufficient  stations  at  high  latitudes  to 
warrant  combination  into  groups.  Covariance  values,  henceforth  referred  to  as  transient 
eddy  fluxes,  are  shown  in  Table  3. 

The  levels  50  mb  and  100  mb  are  both  presented  for  comparison.  The  resemblance 
between  the  results  reflects  the  inter-level  wind  correlation.  At  low  latitudes  it  is  more 
pertinent  to  consider  the  50  mb  flux  as  the  100  mb  level  is  often  within  the  troposphere. 
The  50  mb  level  fluxes  are  generally  positive  in  middle  latitudes  with  largest  values 
appearing  in  the  spring.  The  Japanese  stations  show  a  f&itiy  strong  negative  flux  in  the 
same  period.  Keflavik  too,  unfortunately  the  only  good  ozone  and  wind  station  north 
of  60°,  shows  a  very  strong  negative  flux  in  the  spring.  At  50  mb  the  one  low-latitude 
station  shows  a  northward  flux  throughout  the  year.  When  the  average  seasonal  winds 
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TABLE  3.  Meridional  flux  or  ozone  by  transient  eddies 
Li  .i.l“  :  cm  of  ozone  a*  STP  m  see-1  (Number  of  cases  in  parentheses) 


Latitude  Belle 

July  Sept. 
1957 

Oct. -Dec. 
1957 

Jan. -March 
1958 

April-June 

1958 

July-Sepi. 

1958 

Oct. -Dec. 
1958 

100  mb 

Marcus  Island  24°N 

- 

- 

-  001 11 
(23) 

-  0*0316 
(68) 

+  0*0022 
(81) 

-  0  0442 

(72) 

Japan 
(3  stations) 

-  o-oott 
(172) 

-  0-0030 
(228) 

-  0  0558 

077) 

+  0  0183 
(404) 

-  0  0621 
(311) 

-  0-0372 
(439) 

38--45“N 
(6  stations) 

+  0-0099 
(161) 

4  0-0003 
(184) 

4-  0*0820 
(232) 

4-  0  0156 
(419) 

h  0*0048 
(398) 

-  o-onos 

(3327 

45°-55”N 
(7  stations) 

+  0-0519 
(568) 

4  0-0510 
(329) 

+  0*0723 
(499) 

4-  0*0043 
(738) 

+  0  0340 
(749) 

+  0  0461 
(606) 

SS'-WN 
(5  stations) 

4  0-0582 
(310) 

4  0  0819 
(261) 

4  0*0781 
(380) 

-  0  0096 
(548) 

4*  0  0488 
(546) 

+  0-0464 
(343) 

Keflavik  64°N 

+  0-C381 
(140) 

i  0-0240 
(123) 

-  0*1779 
(136) 

4  0  0736 

067) 

-  0*0081 
(166) 

-  0  -1968 
(105) 

Resolute  75°N 

+  0-0647 
(29) 

1  0-1022 
(18) 

-  0  0421 
(6) 

+  0  0383 
(99) 

+  00442 
(121) 

+  0-lllt 

(18) 

Alert  82-5’N 

4  0  0064 
(120) 

H  0-0049 

(13) 

-  0  9798 
(6) 

4*  0*0183 
(124) 

r  0*0220 
(128) 

+  0-0752 
(111) 

50  mb 

Marcus  Island  24”N 

- 

- 

4  0  0313 

02) 

+  0*0021 
(55) 

4-  0*0006 
(75) 

+  001 10 
(60) 

Japan 

(3  stations) 

-  0  0073 
(148) 

-  0-0031 

(211) 

-  0*0416 
(312) 

t  0  0183 
(319) 

-  0  0148 
(461) 

+  00126 

(393) 

38M5°N 
(6  stations) 

4  0-0034 
(79) 

4  0-9276 
(94) 

1  01175 

066) 

4-  0  0083 
(321) 

+  00049 

(302) 

-  0  0208 

(220) 

45*-55°N 
(7  stations) 

4  0-0319 
(409) 

4  0-0106 
(393) 

4  0  1151 
(372) 

4-  0  0099 
(568) 

+  0:0222 
(592) 

i  0  0162 

(638) 

55°^0°N 
(5  stations) 

4  0-0188 
(180) 

t  0-0683 
(151) 

t  0*0782 

092) 

4-  0*0103 
(359) 

4*  0  0318 
(335) 

+  <1-0970 
(207) 

Keflavik  64°N 

4  0-0160 
(141) 

4  0-0572 
(117) 

-  0  2680 

025) 

+  0*0390 
(166) 

4-  0*0030 
(161) 

-  0-2420 

(96) 

Resolute  75°N 

4  0-0406 
(25) 

-  0-1011 
(13) 

-  0*0578 
(4) 

4-  0*0077 
(87) 

+  0*0341 
(HO) 

+  0-2015 

(14) 

Alert  82*5°N 

4  0  0022 

(113) 

4  00673 
(5) 

-  0*4754 
(7) 

-  0  0186 
(126) 

4-  0*0087 

021) 

+  0-0833 
(9) 

over  Japan  were  studied  it  was  found  that  there  is  a  strong  jet  over  the  area  in  the  spring 
and  autumn;  it  is  possible  that  the  high  negative  transports  actually  represent  ozone 
amounts  being  transported  downwards  into  the  troposphere  in  the  vicinity  of  the  jet,  as 
discussed  in  Section  2.  The  very  high  values  of  ozone  amount  in  the  area  may  also  be  due 
to  these  circumstances. 

There  is  considerable  interest  attached  to  these  two  findings  -  that  the  transient 
eddy  flux  is  generally  northward  and  that  the  maximum  is  in  the  spring  season  -  for 
these  are  precisely  the  nature  of  the  transports  required  to  reconcile  theory  and  observa¬ 
tions  as  pointed  out  earlier.  But  it  is  necessary  to  establish  that  these  transports  are  of 
sufficient  magnitude  to  be  of  importance  in  the  global  balance  of  ozone.  For  this  purpose 
a  crude  ozone  budget  of  the  stratosphere  has  been  constructed. 
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The  contributions  of  mean  motions  and  standing  eddies  to  the  budget  are,  with  the 
present  number  of  stations,  very  difficult  to  assess.  One  of  my  colleagues  on  the  Planetary 
Circulations  Project  has  recently  completed  a  study  of  the  first  six  months  of  stratospheric 
data  from  the  I.G.Y.  and  has  constructed  charts  of  the  seasonal  averages  of  the  meridional 
wind  component  which  have  been  used  to  estimate  the  average  values  of  the  wind  around 
latitude  circles.  For  the  six-month  period  July-December  1957  these  values  (see  Bames 
1961)  show  a  southward  motion  between  25°  and  SS^N  with  a  maximum  magnitude  of 
about  15  cm  sec-1,  and  a  northward  motion  with  a  maximum  of  10  cm  sec'1  between  the 
equator  and  25°N  at  50  mb.  The  values  are  not  strictly  comparable  with  the  ozone  fluxes 
for  they  represent  a  six-month  period.  Even  using  ail  the  available  data  from  220  stations 
in  the  northern  hemisphere  Bames  found  that  the  hemispheric  mean  meridional  motions 
were  so  small  that  they  were  almost  lost  in  the  meteorological  ‘  noise '  unless  two  three- 
month  periods  were  combined.  At  some  later  date  we  shall  have  seasonal  averages 
for  several  years  available  and  then  this  problem  will  perhaps  have  been  circumvented. 

A  purely  objective  appraisal  of  the  contribution  to  the  ozone  flux  by  standing  eddies 
appears  in  Table  4  as  calculated  directly  from  the  formula  shown.  Stations  in  the  40-60°N 
latitude  belt,  widely  spaced  in  longitude,  were  included.  There  is  an  indication  of  north¬ 
ward  transport  which  again  apparently  has  a  maximum  in  winter  and  spring.  Once 
more  we  must  stress  the  crudeness  of  this  approach  -  ideally  we  would  like  to  use  many 
more  stations  -  but  this  seems  to  be  the  only  step  possible  at  the  present  time. 


TABLE  4.  Meridional  flux  of  ozone  by  standing  eddies 
(Units  as  in  Table  3) 


July-Sept.  Oct.-Dec.  Jan. -March 

1957  1957  1958 

100  mb  -  (1-0065  +  (10190  +  0-0214 

50  mb  -  0-0008  +  0-0122  +  0  0422 

April*  June 
1958 

H  0  0046 

+  0  0078 

July-Sept. 

1958 

-  0  0059 

-  0-0086 

Oct.-Dec. 

1958 

+  0  0236 

-i-  0  0220 

TABLE  5.  Ozone 
(Units  :  cm3  of  ozone  at  STP  sec"1 

BUDGET 

when  multiplied  by  10’) 

July-Sept. 

Jan. -March 

July-Sept. 

1957 

1958 

1958 

Transport  of  ozone  across  50°N 

(a)  by  transient  eddies 

+  2-9 

-f-  10*4 

+  2-0 

(b)  by  standing  eddies 

~  o-l 

+  3-8 

-  0-8 

(c)  by  mean  meridional  motions 

“  2’9 

? 

? 

Transport  from  content  change  north  of  50°N 

-  5*2 

a 

r 

-  5-2 

Transport  of  ozone  across  40°N 

(a)  by  transient  eddies 

+  0-4 

+  12*6 

+  0-5 

(b)  by  standing  eddies 

-  01 

+  4-5 

-  0*9 

(c)  by  mean  meridional  motions 

-  4-9 

? 

? 

Transport  from  content  change  north  of  40°N 

-  7-4 

i  11-6 

-  7  4 

Tropospheric  downward  flux 

ss  6 

To  obtain  an  independent  estimate  of  the  seasonal  changes  of  ozone  amount,  the 
curves  presented  by  Godson  (1960)  of  the  average  total  ozone  amount  as  a  function  of 
latitude  and  month  of  the  year  were  used.  The  ozone  amount  from  the  pole  to  50°N 
and  40°N  was  integrated  on  a  monthly  basis  and  three  monthly  changes  were  averaged  to 
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give  the  average  change  in  ozone  content  of  the  region  during  the  season.  For  comparison 
with  the  January-March  fluxes,  the  content  change  from  December  to  January,  January 
to  February  and  February  to  March  was  computed.  The  budget  calculations  for  the 
50  mb  level  are  shown  in  Table  5.  In  order  to  convert  from  the  fluxes  recorded  in  Tables  3 
and  4  to  actual  ozone  transports  it  was  assumed  that  35  per  cent  of  the  total  amount  of 
ozone  was  actually  involved  in  the  layer  in  which  transport  was  occurring  centred  on 
50  mb.  This  approximate  figure  was  obtained  from  the  summaries  of  umkehr  observations 
presented  by  Ramanathan  (1956),  Dutsch  (1959)  and  Mateer  and  Godson  (1960).  Barnes’s 
(1961)  values  of  the  mean  meridional  motion  were  used  to  calculate  the  flux  in  the  July- 
September  period.  The  actual  transports  given  by  the  direct  calculation  of  the  standing- 
eddy  transport  are  also  included.  For  reasons  which  have  already  been  discussed,  both 
of  these  transports  should  be  viewed  with  caution.  Perhaps  the  most  important  point  to 
note  is  that  the  transient  eddy  flux,  by  itself,  is  of  the  same  order  of  magnitude  as  the 
observed  change  in  ozone  content  of  the  polar  cap  in  the  January-March  period.  Thus 
the  large-scale  quasi-horizontal  transient  eddies  may  be  the  prime  factors  in  the  movement 
of  ozone  northwards  in  the  stratosphere. 

From  ozone-concentration  measurements  taken  near  the  earth’s  surface,  Regener 
(1957)  has  been  able  to  estimate  the  vertical  flux  of  ozone  in  the  troposphere  :  his  value  is 
1  -2  X  10n  molecules  cm"2  sec"1.  The  measurements  were  in  middle  latitudes.  Let  us 
suppose  that  a  flux  one-half  as  great  is  representative  of  the  entire  hemisphere;  the  middle 
latitude  values  might  be  expected  to  be  higher  than  elsewhere  if  most  of  the  ozone  enters 
the  troposphere  in  the  vicinity  of  the  tropopause  gap.  Let  us  further  suppose  that  all  the 
ozone  flowing  downwards  in  the  troposphere  initially  flowed  northwards  quasi-horizontally 
across  an  imaginary  vertical  boundary  along  40°N;  in  this  case  the  equivalent  flux  in  the 
stratosphere  corresponding  to  the  ozone  flux  at  the  ozone  sink  is  ~  6  X  109  cm1  sec-1 
as  shown  in  the  Table.  It  is  of  the  same  order  of  magnitude  as  the  calculated  fluxes  and 
provides  an  independent  piece  of  evidence  that  these  fluxes  are  important  in  the  general 
circulation  of  ozone. 

If  we  combine  the  results  of  the  ozone  budget  estimate  with  those  in  Section  2 
of  this  paper  we  can  hypothesize  the  following  transport  path  for  ozone.  Ozone  moves 
northwards  from  low  to  middle  and  high  latitudes  in  the  lower  stratosphere.  There  it 
is  subjected  to  vertical  mixing  and  can  reach  the  isentropes  which  sometimes  pass  into 
the  troposphere  in  the  vicinity  of  the  jet  stream.  Once  there,  it  can  be  removed  from 
the  stratosphere.  As  mentioned  earlier,  the  Japanese  stations  may  reflect  this  exchange. 
The  largest  northward  transport  of  ozone  into  the  middle  latitude  stratosphere  occurs 
in  the  period  January-March  and  the  well-known  maximum  in  the  total  amount  appears 
also  at  this  time  at  the  high-latitude  stations.  Afterwards  much  of  this  ozone  is  presumably 
lost  to  the  troposphere.  Junge  (1961a)  has  recently  collected  values  of  the  tropospheric 
concentration  of  ozone  and  shown  that  this,  too,  exliibits  a  seasonal  variation  with  the 
maximum  in  the  tropospheric  concentration  at  the  surface  being  1-2  months  later  than  the 
maximum  in  the  total  amount  of  ozone  :  his  finding  fits  very  nicely  with  the  present  model. 
It  would  thus  seem  that  greater  stratospheric  mixing  in  winter  is  the  reason  for  the  observed 
spring  maxima  in  both  fission  products  and  ozone. 

The  hypothetical  path  followed,  as  outlined  above,  does  not  seem  to  be  subject  to  any 
long  time  delays.  After  the  increased  mixing  in  the  stratosphere  there  soon  appears  a 
maximum  value  in  the  ozone  amounts  followed  one  or  two  months  later  by  higher  values 
at  the  surface  as  the  ozone  passes  into  the  troposphere.  The  speed  of  these  eddy  processes 
can  be  gauged  from  the  length  of  time  necessary  to  replenish  the  polar  cap.  It  has  already 
been  demonstrated  that  the  increases  in  the  polar-cap  content  can  be  accounted  for  on  the 
basis  of  the  calculated  eddy  flux  values.  If  the  ozone  in  the  region  from  the  pole  to  50°N 
from  the  tropopause  to  25  km  were  completely  removed  and  then  replenished  by  the 
transient  eddy  flux  it  could  attain  the  maximum  content  (the  value  for  March)  in  just 
under  four  months.  Similarly  if  the  maximum  polar-cap  content  passed  into  the  tropo¬ 
sphere  through  the  tropopause  gaps  at  one-half  the  rate  equivalent  to  the  flux  measured 
by  Regener  it  would  take  about  four  months  to  remove  all  the  ozone. 
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4.  Transport  or  radioactive  tungsten  within  the  stratosphere 

Several  moderate-yield  tests  in  the  equatorial  Pacific  in  the  summer  of  1958  produced 
radioactive  tungsten -185  (whose  half-life  is  74  days)  which  was  injected  into  the  troposphere 
and  lower  stratosphere.  Tungsten  is  not  a  fission  product;  it  was  produced  in  the  bombard¬ 
ment  of  tungsten- 184  by  neutrons.  It  is  believed  that  the  sole  source  was  the  1958  summer 
test  series  by  the  United  States  end  the  isotope  therefore  serves  as  a  unique  tracer  for  the 
debris  from  this  series.  It  was  first  produced  on  13  or  14  May  1958  and  was  detected  in 
surface  air  by  the  Naval  Research  Laboratory  stations  along  S0°W  before  the  end  of  2v£ay 
(Lockhart,  Baus,  Patterson  and  Saunders  1960).  By  the  end  of  July  the  profile  along  80°W 
appeared  very  similar  to  that  usually  observed  for  gross-fission  products;  there  were  peaks 
in  both  hemispheres,  as  can  be  seen  in  Fig.  2,  some  20-30°  north  and  south  of  the  latitude 
of  injection  at  11  °N.  Lockhart  et  ai,  consider  that  the  transports  northward  and  south¬ 
ward  to  the  maxima  occurred  in  the  upper  troposphere.  It  is  possible  that  the  transport 
may  have  occurred  in  the  lower  stratosphere,  in  which  case  the  two  maxima  represent 
regions  of  stratospheric-tropospheric  exchange.  Stcbbins  (1959)  has  pointed  out  that  the 
first  of  the  radioactive  clouds  which  contained  tungsten  moved  westwards  around  the  globe 
in  the  stratosphere  to  reach  eastern  United  States  some  44  days  after  the  explosion,  during 
which  time  the  debris  spread  in  latitude  by  about  45°.  The  equivalent  meridional  velocity 
is  about  1-2  m  sec-1  which  is  large  enough  to  support  the  argument  that  the  two  peaks 
came  from  stratospheric  debris. 

The  data  of  Fig.  2  show  an  increase  in  the  surface  air  concentration  of  tungsten  in  the 
spring  of  1959.  Similar  spring  maxima  had  been  noted  earlier  in  the  concentration  of 
gross-fission  products  and  in  the  rainwater  content  of  radioactivity  but  interpretation  had 
been  difficult  because  of  the  pattern  of  the  tests.  Martell  (1959)  considered  that  spring 
maxima  were  principally  due  to  the  removal  from  the  polar  stratosphere  of  debris  intro¬ 
duced  by  Russian  tests  in  the  previous  autumn.  The  tungsten  measurements  demonstrate 
that  debris  whose  ultimate  source  is  the  equatorial  stratosphere  also  enters  the  troposphere 
at  a  greater  rate  during  the  spring.  Lockhart  et  al.,  from  considerations  of  the  ratio  of 
strontium-89  to  tungsten-185  (Sr89  has  a  half-life  of  50-5  days),  show  that  debris  younger 
than  that  from  the  1958  summer  series  is  also  involved  in  the  1959  spring  maximum. 
Walton  (1960),  who  has  measured  the  concentration  of  tungsten-185  and  strontium-90 
in  rainfall,  estimates  that  only  8  per  cent  of  the  total  strontium-90  in  rainfall  collected 
in  the  spring  of  1959  was  from  the  equatorial  test?  -  the  remainder  being  from  the  October 
1958  Soviet  tests  in  the  Arctic.  Lockhart,  Patterson,  Saunders  and  Black  (1960)  estimate 
a  value  of  10  per  cent  for  the  same  fraction.  The  principal  point  to  note  is  that  debris 
from  both  stratospheric  sources  arrives  at  middle  latitudes  and  produces  a  maximum  in 
the  spring.  A  polewards  mean  meridional  motion  is  difficult  to  reconcile  with  these 
facts. 

The  various  arguments  involving  fission -product  radioactivity  have  so  far  referred  to 
measurements  made  at  the  earth’s  surface,  except  for  the  work  reported  by  Stebbins  (1959). 
In  1960,  a  considerable  body  of  data  was  released  on  the  concentration  of  radioactivity  in 
the  stratosphere  (Stebbins  1960;  Feely  and  Spar  1960b).  Samples  of  stratospheric  particu¬ 
lates  were  collected  over  the  Americas  to  heights  of  70,000  ft  by  Lockheed  U-2  aircraft. 
Two  examples  of  the  stratospheric  content  of  tungsten-185  are  shown  in  Figs.  3  and  4. 
Concentrations  represent  average  values  over  the  two-month  periods  shown.  The  figures 
have  recently  been  published  by  Stebbins  (1961).  In  an  earlier  publication  on  this  topic 
(Newell  1961)  similar  diagrams  were  reproduced  with  permission  from  Dr.  Feely,  which 
were  kindly  provided  to  us  by  Major  Stebbins.  Ail  tungsten- 185  disintegration  rates  are 
corrected  for  radioactive  decay  back  to  15  August  1958.  As  a  background  we  have  used 
isentropic  cross-sections  for  July  1957  and  December  1957  taken  from  the  work  of  Taylor 
(1960).  The  tropopause  positions  are  from  Taylor’s  work.  Tire  Planetary  Circulations 
Project  has  data  for  the  northern  hemisphere  only,  at  present.  In  the  previous  superposi¬ 
tion,  isentropes  for  the  stratosphere  of  the  northern  hemisphere  for  longitude  80°W  have 
been  used  (Newell  1961).  Mean  isentropes  for  the  hemisphere  give  a  very  similar  picture. 
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Figure  2.  Average  concentration  of  tungsten-185  in  surface  air  along  80°W.  Units  are  in  disintegrations 

per  minute  per  100  cubic  metres. 


-330- 


R.  E,  NEWELL 


Ultimately  our  work  will  provide  isentropes  lor  1958  but  for  the  present  paper  the  tempera¬ 
ture  cross-sections  for  1957  will  be  compared  with  the  tungsten  concentrations  for  1958. 
Both  figures  suggest  that  tungsten  was  transported  polewards  more  or  less  along  the 
isentnopic  surfaces  with  the  greatest  transport  occurring  in  the  winter  hemisphere. 


Figure  3.  Distribution  of  tungsten- 1 85  (solid  lines)  and  potential  temperature  (dotted  lines)  in  the  stratosphere. 
Tungsten  values  for  September -October  1958.  Units  are  disintegrations  per  minute  per  1 .000  standard  cubic 
feet  of  air.  Potential  temperatures  for  July  1957  (';K). 
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As  Feely  and  Spar  point  outf  indications  are  that  the  motion  is  some  type  of  turbulent  mixing 
rather  than  an  organized  mean  meridional  circulation.  The  zone  of  maximum  concentra¬ 
tion  rather  than  moving  northwards  with  time,  as  would  be  expected  for  a  mean  meridional 
motion,  actually  moved  southwards.  The  two  secondary  maxima  are  possibly  formed  by 
the  removal  of  tungsten  into  the  troposphere  in  the  region  of  the  tropopause  gaps.  The 
secondary  maxima  have  almost  identical  potential  temperatures  in  both  periods.  Between 
the  two  periods  the  equivalent  potential  temperatures  of  the  maxima  decreased,  in  spite 
of  the  fact  that  the  southern  hemisphere  maxima  actually  rose  in  altitude  while  that  in 
the  northern  hemisphere  sank.  Because  of  the  complexities  involved  in  the  interpretation 
it  is  not  possible  to  argue  unequivocally  that  the  decrease  is  a  diabatic  cooling.  Gravita¬ 
tional  settling  in  conjunction  with  large-scale  diabatic  vertical  motion  is  another  possibility 
-  as  also  is  the  chance  that  coincidence  played  a  part.  7  able  6  shows  the  terminal  velocities 
of  small  spherical  particles  with  a  density  of  2  gm  cm~3.  The  values  were  obtained  from  a 
graph  published  by  Junge,  Chagnon  and  Manson  (1961).  The  distance  fallen  by  these 
particles  in  two  months,  the  time  between  the  tungsten  cross-sections,  is  shown  in  Table  7. 
Although  the  actual  distribution  of  radioactivity  among  the  stratospheric  particle  size 
spectrum  is  not  well  known  at  present  it  appears  that  radioactive  material  is  present  on 
particles  in  the  size  range  from  0  01  /a  to  TO  p.  (Stebbins  1960).  If  it  turns  out  that  most 
of  the  activity  is  on  the  smallest  particles  in  this  range  then  essentially  none  of  the  vertical 
displacement  of  the  tungsten  is  due  to  gravitational  settling;  but  as  the  table  illustrates 
it  will  be  necessary  to  measure  the  distribution  of  the  radioactivity  as  a  function  of 
particle  size  before  a  ruling  can  be  made  on  the  matter.  In  later  periods  the  maxima 
depart  quite  chaotically  from  the  mean  isentropes  given  here  (see  Stebbins  1961).  It  is 
part  of  our  plan  to  examine  the  actual  isentropes  along  longitudes  close  to  the  collection 
sites  as  soon  as  the  data  are  processed. 


TABLE  6.  Terminal  velocity  of  spherical  particles 
(Units  :  cm  sec-1) 


Altitude 

(km) 

001  /A 

0-03  /i 

Radius 

0-1  ft 

0-3  ft 

1-0  ft 

30 

0-002 2 

00067 

0*021 

0*067 

0-24 

25 

£K»  10 

S-003S 

o-oio 

0-032 

013 

20 

0-00048 

OOOI5 

0-005 

0017 

006 

15 

0*00022 

000065 

0-0023 

0-008 

0048 

10 

0*00010 

0-W831 

0-0013 

0-0048 

0-038 

TABLE  7.  Dirr.wjce 

3ALLEN  IN 

(Units 

TWO  MONTHS 

:  metres) 

AT  TERMINAL  VELOCITY 

Altitude 

(km) 

OGI  p 

0-<B  fi 

Radius 

0*1  A 

0*3  fi. 

i-o* 

30 

114 

347 

lOTi 

3473 

12442 

25 

:i2 

156 

518 

1659 

6739 

20 

25 

78 

259 

881 

3110 

15 

11 

34 

U9 

415 

2488 

10 

5 

16 

67 

249 

1970 
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When  the  tungsten  data  were  first  made  available  in  late  I960,  it  was  very  gratifying 
to  us  to  see  the  genera!  agreement  between  our  indirect  findings  based  on  ozone  calculations 
and  the  direct  measurements  in  the  stratosphere.  The  fact  that  eddy  transports  were 
predominant  in  both  cases  and  that  transport  was  polewards  and  downwards  at  least  to 
about  60°N,  gave  reason  to  believe  that  a  beginning  had  been  made  in  the  formulation  of  a 
model  of  stratospheric  transport  processes  which  was  consistent  with  meteorological 
observations  (to  be  mentioned  later),  as  well  as  with  measurements  of  trace  substances. 
A  more  detailed  study  cannot  be  made  until  meteorological  data  for  other  seasons  has 
been  processed  and  until  the  distribution  of  ozone  in  three  dimensions  is  at  hand.  Such 
steps  may  take  several  more  years.  A  few  generalized  comparisons  between  meteorological 
evidence,  tungsten- 185  and  ozone  observations  are  presented  below. 

Let  us  suppose  that  the  meridional  displacement  of  the  mid-latitude  maximum  in 
the  northern  hemisphere  or  the  displacement  of  the  5,000  dpm/1,000  scf  contour  between 
the  two  profiles  gives  a  representation  of  the  meridional  component  of  the  quasi-horizontal 
eddy  speed.  For  the  region  40-60°N  a  speed  of  about  21  cm  sec-1  is  obtained.  In  like 
fashion  the  equivalent  speed  for  the  ozone  flux  may  be  obtained  by  dividing  the  calculated 
flux  by  the  average  ozone  amount.  Such  a  procedure  yields  a  value  of  about  17  cm  sec-1 
from  the  transient  eddy  fluxes  averaged  over  the  two  October-December  periods  in  the 
45-60°N  latitude  belts. 

Spar,  quoted  by  Stebbins  (1960),  has  used  the  tungsten  profiles  and  a  quasi- Gaussian 
model  of  turbulent  diffusion  to  estimate  diffusion  rates  in  both  vertical  and  horizontal 
directions.  He  finds  a  value  for  the  horizontal  diffusion  coefficient  of  10®  cm2  sec-1. 
A  value  for  the  same  parameter  in  the  troposphere  is  108-10l°cm2sec“1  obtained  by 
Grimminger  (1941)  from  a  study  of  isentropic  charts.  The  difference  between  the  two 
regions  lies  not  so  much  in  their  horizontal  motions,  for  it  is  well  known  that  strong 
winds  with  a  certain  degree  of  variability  exist  in  the  stratosphere,  as  in  their  vertical 
structure.  Measures  of  the  variability  will  be  quoted  later. 

In  principle  an  equivalent  eddy  diffusion  coefficient  could  be  calculated  from  the 
ozone  flux  calculations  in  conjunction  with  the  observed  ozone  distributions.  Some  of 
these  distributions  have  been  presented  by  Ramanathan  and  Kulkami  (1960)  from  umhehr 
measurements  and  by  Brewer  (I960)  and  Paetzold  and  Piscaler  (1961)  from  measurements 
with  ozone  sondes.  But  there  are  not  really  enough  soundings  available  yet  to  make 
quantitative  estimates  of  diffusion  from  such  profiles. 

Spar's  estimates  of  the  vertical  diffusion  coefficient,  which  are  somewhat  more 
difficult  as  the  source  had  a  finite  height,  are  103  cm2  sec-1  for  the  tropical  stratosphere 
and  about  4  x  104  cm2  sec"1  for  middle  latitudes.  The  difference  is  in  the  direction  that 
would  be  expected  on  meteorological  grounds  as  the  temperature  increases  with  height 
in  the  tropical  stratosphere,  whereas  in  middle  and  high  latitudes  it  increases  by  a  much 
smaller  amount  and  in  the  winter  season  at  high  latitudes  it  decreases  with  height. 

The  difference  in  the  vertical  diffusion  coefficients  in  the  two  regions  of  the  stratos¬ 
phere  may  be  an  important  factor  in  the  physical  explanation  of  how  the  ozone  budget 
can  be  balanced  by  the  quasi-horizontal  motions  discussed.  Ozone  can  diffuse  down  the 
concentration  gradient  and  therefore  northwards  and  downwards  as  long  as  appropriate 
eddy  shuffling  occurs  apparently  following  the  general  pattern  of  the  isentropic  surfaces. 
The  process  can  only  continue  as  long  as  ozone  is  removed  from  the  region  to  which  it  is 
transported.  The  large  vertical  eddy  diffusion  allows  ozone  to  be  transferred  vertically, 
also  down  the  gradient,  so  that  a  particular  column  at  middle  latitudes  can  actually  build 
up  more  ozone  than  a  similar  column  at  low  latitudes  where  vertical  diffusion  ic  so  much 
smaller.  In  this  way  ozone  is  apparently  transferred  northwards  against  the  gradient  but 
the  gradient  now  is  envisaged  as  that  due  to  total  amounts  of  ozone;  actually  quasi -horizontal 
eddies  are  transporting  ozone  down  the  concentration  gradient  in  a  particular  isentropic 
Layer.  It  is  possible  in  this  fashion  to  remove  one  of  the  major  objections  to  the  quasi¬ 
horizontal  transfer  approach  which  lias  hitherto  been  that  ozone  could  not  be  transferred 
against  the  gradient  of  total  ozone.  Such  thinking  has  led  to  the  conception  that  ozone 
must  come  into  the  column  from  above.  Of  course  in  the  simple  picture  outlined  here 
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no  attempt  has  been  made  to  specify  the  actual  processes  which  produce  the  vertical 
eddy  diffusion  -  they  may  just  be  the  vertical  components  of  what  have  been  referred  to  as 
large-scale  quasi-horizontal  eddies.  Undoubtedly  a  particular  isentrope  has  a  considerable 
vertical  displacement  both  with  time  at  a  given  position  and  with  latitude  and  longitude 
at  a  given  time.  But  events  cannot  be  completely  isentropic,  otherwise  debris  would  remain 
in  the  stratosphere  indefinitely.  There  is  a  general  tendency  for  the  debris  to  reach  lower 
isenfcropes  where  it  has  access  to  the  troposphere.  Another  point  evident  from  the  tungsten 
cross-sections  is  that  inter-hemispheric  mixing  can  occur  fairly  easily  in  the  lower  strato¬ 
sphere.  This  is  not  the  case  in  the  lower  troposphere  as  is  evident  from  the  radioactivity 
measurements  shown  in  Fig.  1,  although  Lockhart  et  a!,  suggest  that  tropospheric  inter- 
hemispheric  exchange  can  occur  at  certain  tunes.  Consideration  of  the  whole  set  of 
tungsten  cross-sections  shows  that  more  poleward  transfer  occurs  in  the  winter  hemisphere. 


TABLE  8.  Latitude  or  maximum  concentration  op  tungsten 


Latitude 

September -October  1958 

10“N 

November-December  1958 

4“N 

January -February  1959 

5“S 

March-April  1959 

7“N 

May -June  1959 

O’N 

Juiy-Auguat  1959 

o°N 

September- October  1959 

5°N 

November-December  1959 

5°N 

January- February  1960 

5"N 

March-April  1960 

> 

May-June  1960 

6°N 

Although  the  tungsten  data  provide  good  evidence  that  mean  meridional  motions  are 
not  the  major  contributors  to  the  poleward  flux  of  material  it  is  by  no  means  ruled  out  that 
small  meridional  motions  cannot  exist  at  certain  times.  The  latitude  of  the  maximum 
concentration  of  tungsten  as  a  function  of  time  taken  from  the  cross-sections  published 
by  Stebbins  (1961)  is  shown  in  Table  8.  During  the  first  winter  there  was  apparently  a 
southward  drift  with  a  corresponding  velocity  of  12  cm  sec“l  followed  by  a  northward 
drift.  But  because  the  maximum  was  for  the  majority  of  the  time  just  above  the  sampling 
altitudes  it  is  very  difficult  to  interpret  this  as  a  mean  meridional  motion.  Another  point 
is  that  the  tungsten  data  were  collected  between  longitudes  of  70°  and  130°W  and  do 
not  therefore  represent  a  global  mean.  It  is  quite  probable  that  large-scale  standing 
eddies  exist  in  the  tungsten  concentration  just  as  they  do  for  ozone  or  wind  velocity 
and  in  such  a  case  a  phase  change  of  the  standing  eddy  pattern  could  be  interpreted  as  a 
mean  meridional  motion. 


5.  Meteorological  evidence  of  meridional  transport 

In  the  January-March  period  it  has  been  shown  that  both  transient  and  standing 
eddies  transport  ozone  northwards.  Northward-moving  parcels  must  therefore  contain 
more  ozone  than  southward-moving  parcels.  The  implication  from  the  ozone  calculations 
taken  alone  was  that  the  transport  is  horizontal.  An  equally  fair  interpretation  would  be 
that  the  transports  are  quasi-honzontal  and  that  northward-moving  parcels  are  descending 
so  that  they  tend  to  be  removed  from  the  layer  where  photochemical  equilibrium  prevails. 
The  tungsten  data  too  have  revealed  polewards  transports  that  are  also  downwards  and  the 
configuration  of  the  isentropes  leads  to  the  suggestion  that  these  motions  are,  to  a  certain 
extent,  isentropic. 
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One  might  ask  if  there  is  any  meteorological  evidence  of  such  an  effect,  namely  that 
northward-moving  parcels  are  sinking  and  southward-moving  parcels  are  rising  in  the 
middle-latitude  lower  stratosphere.  White  (1954)  reported  a  counter-gradient  eddy  flux 
of  heat  at  200  mb  and  100  mb  at  latitudes  31°,  42-5°,  55°  and  70°N.  The  exact  mechanism 
whereby  this  flux  came  about  was  unknown  at  the  time  but  in  view  of  the  ozone  and 
tungsten  data  a  possible  interpretation  is  that  northward-moving  parcels  are  sinking  and 
therefore  warming  adiabaticaily,  and  southward-moving  parcels  are  rising  and  cooling. 
In  Table  9  average  values  are  shown  of  the  covariance  between  the  50  mb  meridional 
velocity  and  temperature  at  the  ozone  stations  used.  Time,  seasonal  and  longitudinal 
averages  are  performed  in  exactly  the  same  way  as  for  the  ozone  flux  data  in  Table  3. 
At  50  mb  in  the  latitude  range  from  30°  to  60°N  the  covariance  is  positive  and  this  is 
just  what  would  be  expected  in  view  of  the  configuration  of  the  isentropes  if  the  motions 
are  largely  adiabatic.  The  same  configuration  leads  one  to  suspect  that  the  particularly 
strong  negative  value  at  the  Icelandic  station  in  the  spring  and  winter  of  1958  corresponds 
to  northward -moving  parcels  ascending.  It  will  be  recalled  from  Table  3  that  in  the  same 
seasons  the  station  exhibited  a  southward  flux  of  ozone  by  transient  eddies.  As  there  is 
little  information  on  the  actual  distribution  of  ozone  north  of  this  station  it  is  not  possible 
to  ascribe  the  flux  values  to  an  increase  of  ozone  concentration  with  latitude  or  altitude. 


TABLE  9.  Covariance  of  meridional  velocity  and  temperature  at  ozone  stations 
Units:  “Cm  sec'1  (Number  of  cases  in  parentheses) 


July -Sept. 

Oct. -Dec. 

Jan. -March 

April -June 

luly-Sept. 

Oct.-Dec- 

Latitude  Belts 

1957 

1957 

1958 

1958 

1958 

1958 

50  mb 

Marcus  Island 
japan  30°-43'N 

•f  o  39 

(No  50  mb  temperature  data  available) 

4  2*84  *  2-94  4  2  98  01 8 

+  2-18 

(3  stations) 

(408) 

(476) 

(427) 

051) 

(480) 

(442) 

380-45“N 

-»  0-87 

*i  2-48 

T  5  88 

4  2-01 

+  2-02 

4  2-83 

(6  stations) 

(405) 

(320) 

088) 

(439) 

(416) 

(279) 

450-55“N 

4  3*19 

4  1-8  8 

+  5-75 

4  2-64 

4  2-56 

4  5-88 

(7  stations) 

(583) 

(583) 

(640) 

(651) 

(639) 

(656) 

55°-60°N 

T  419 

4  n*su 

i  9-47 

+  7-83 

4  4-83 

4  701 

(5  stations) 

(789) 

(209) 

(223) 

(384) 

(355) 

(331) 

Keflavik  64°N 

-t  0  70 

t  6-24 

-  40  85 

4  0*62 

-  1-23 

-  20-82 

(117) 

049) 

(149) 

(174) 

(160) 

(151) 

Resolute  75“N 

-r  3  42 

-  11-69 

- i  0-78 

4  6-87 

-  i’23 

4  J7-82 

(38) 

(42) 

(42) 

(116) 

(109) 

(68) 

Alert  82-5°N 

-  142 

-  :0a4 

-  31-85 

■t  Oil 

-  ;  46 

~  18-89 

(142) 

(106) 

(124) 

(156) 

(137) 

(127) 

TABLE  10.  Covariance  of 

MERIDIONAL  and  vertical  velocities. 

Transient  eddy  effects 

Units  :  cm2  sec'2 

NORTHERN 

hemisphere,  January  . 

Pressure  layer 

Latitude 

(mb) 

20° 

30° 

40“ 

50“ 

00° 

70s 

80° 

1,000-850 

4  109 

4  366 

4  350 

4  197 

4  92 

4  150 

—  83 

850-700 

4  86 

4  324 

4  365 

4  247 

4  96 

4  196 

-4  4 

700-500 

f  74 

4  354 

4  463 

4  365 

4  154 

4  233 

4  133 

500-300 

4  261 

4  1,192 

4  906 

4  343 

4  317 

4  725 

4  183 

300-200 

4  24 6 

4  697 

4  844 

4  494 

4  475 

r  350 

4  58 

200-100 

4  240 

-i  232 

4  167 

4  258 

f  367 

4  167 

4  100 

100-  50 

-  35 

97 

-  103 

-  11 

f  142 

f  108 

4  100 
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Further  evidence  has  come  from  some  recent  work  by  Loisel  and  Molla  (1961). 
They  have  evaluated  the  covariance  between  northward  and  vertical  components  of  the 
motion  in  the  northern  hemisphere  using  the  vertical  velocities  computed  by  Jensen  (1960) 
by  the  adiabatic  method  together  with  the  horizontal  components  of  the  wind.  Their 
results  for  the  transient  eddies  are  quoted,  with  permission,  in  Table  10.  In  the  troposphere 
the  covariance  values  are  positive  indicating  that,  in  general,  northward-moving  parcels  are 
rising  and  southward- moving  parcels  are  sinking.  In  the  50-100  mb  layer,  however,  the 
sign  reverses  and  it  appears  that  northward-moving  parcels  are  sinking  south  of  506N 
and  rising  to  the  north  of  this  latitude. 

Individual  trajectories  of  air  parcels  over  Europe  drawn  by  Martin  and  Brewer  (1959) 
in  their  study  of  ozone  changes  showed,  contrary  to  their  expectations,  that  at  the  end 
points  of  northward  trajectories  local  changes  of  total  ozone  and  temperature  were  both 
positive.  Their  findings  could  be  explained  by  the  mechanisms  discussed  above  in  which 
northward  moving  ozone-rich  parcels  are  subsiding  and  warming  adiabatically.  Although 
no  attempt  has  been  made  here  to  apply  the  climatological  findings  to  individual  situations 
it  seems  that  the  relationships  between  temperature  and  ozone  amount  discussed  by 
Godson  (I960)  for  such  situations  are  not  at  variance  with  the  present  interpretation. 
The  covariance  between  50  mb  temperature  and  ozone  amount  is  shown  in  Table  1 1 
in  the  same  form  as  the  previous  covariance  summaries.  Positive  values  are  predominant, 
this  circumstance  being  presumably  due  to  the  descent  and  adiabatic  heating  of  ozone-rich 
parcels.  Ultimately  it  will  be  desirable  to  examine  the  diabatic  factors  involved  in  the 
temperature  changes.  It  should  be  noted  from  Table  11  that  the  largest  covariance  values 
occur  in  the  spring.  Calculations  performed  for  Tromso  (not  shown)  for  100  mb  also 
showed  the  same  sign  as  the  Icelandic  station  with  large  values  in  the  spring.  It  should 
be  noted  that  Meetham’s  (1937)  early  work,  in  which  a  positive  correlation  between  total 
amount  of  ozone  and  the  potential  temperature  at  18  km  was  found,  can  also  be  inter¬ 
preted  by  these  same  mechanisms. 


TABLE  11.  Covariance  between  ozone  amount  and  temperature 
Units  :  cm  of  ozone  at  STP  °C  (Number  of  cases  in  parentheses) 


July-Sept. 

Oct. -Dec. 

Jan.-March 

April-June 

July -Sept. 

Oct. -Dec. 

Latitude  Belts 

1957 

1957 

1953 

1958 

1958 

1958 

50  mb 

Japan  30'>-43°N 

4  0*0055 

4  0-0435 

-  0-0091 

-f  0  0358 

4  0  0172 

+  0-0206 

(3  stations) 

0+8) 

(218) 

(32+) 

(373) 

(442) 

<+o*> 

38°-45°N 

+  00044 

r  0-0128 

•1-  0  0858 

-r  0  0344 

i  0  0273 

+  0  0081 

(6  stations) 

(299) 

(19?) 

(2+3) 

(+72) 

(+79) 

(331) 

45°-55°N 

d  U-O408 

h  0-0286 

f  0*1182 

r  0  0043 

■  00333 

4-  0  0605 

(7  stations) 

(596) 

(577)  ‘ 

(5+2) 

(8+3) 

(913) 

(S31) 

55“-60°N 

+  00320 

-r  0*0382 

-r-  0-1535 

-  0  0292 

0-0896 

4-  0-0632 

(5  stations) 

(356) 

(281) 

(290) 

(+5+) 

(+99) 

(3+*) 

Keflavik  64°N 

+  0  0063 

i  0  0744 

-  0  4840 

i  0-1034 

+  0*0373 

+  0-0703 

(14+) 

(119) 

(129) 

(16S) 

(174) 

(100) 

Resolute  75“^ 

*  00852 

-  0-0045 

4-  0  2295 

-  0  1036 

7  0  0213 

+  0  3065 

(93) 

(21) 

(10) 

(U5) 

(171) 

(+2) 

Alert  82‘5°N 

+  00445 

-  0  1245 

ri-  1-3418 

-  0-2246 

4  0*0407 

4-  0-1230 

(126) 

(5) 

(8) 

(i+i) 

(1+5) 

(10) 
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Ozone  and  tungsten  measurements  have  shown  transports  from  which  one  could 
infer  greater  quasi-horizontal  shuffling  in  the  stratosphere  in  whiter  than  in  summer. 
A  meteorological  measure  of  the  shuffling  might  be  given  by  the  variance  of  the  meridional 
component  of  the  wind.  Dr.  T.  Murakami  of  the  Planetary  Circulations  Project  has 
recently  completed  a  summary  of  the  hemispherical  averages  of  these  variances  as  a 
function  of  latitude  for  the  first  two  3-month  periods  of  the  I.G.Y.  and  he  was  kind 
enough  to  allow  me  to  peruse  the  values  which  he  will  be  publishing  shortly.  At  50  mb. 
during  July-September  1957,  the  standard  deviations  were  about  3  m  sec"1  and  showed 
little  dependence  on  latitude  with  a  maximum  close  to  4  m  sec"1  near  25°N.  In  the 
October-December  1957  period,  standard  deviations  were  again  about  3  m  sec"1  near 
the  equator  but  increased  to  about  7  m  sec"1  near  65°N  with  values  of  about  5  m  sec-1 
near  80°N.  The  main  points  to  note  are  the  increase  of  variance  in  the  winter  season  and 
the  increase  from  the  equator  polewards  in  this  season.  Both  points  substantiate  the 
conclusions  from  the  ozone  and  tungsten  data.  Such  large  values  make  it  very  difficult 
to  detect  a  mean  meridional  motion  of  only  10  cm  sec"1  or  so.  such  as  was  discussed  in 
relation  to  the  ozone  budget.  Barnes  (1961)  discussed  this  point  in  his  paper  in  which 
the  mean  meridional  motions  for  the  six-month  period  July-December  1957  were  presented. 


6.  Zonal  flux  of  stratospheric  ozone 

The  results  of  the  calculations  concerning  the  zonal  flux  of  ozone  by  transient  eddies 
appear  in  Table  12  for  the  50  mb  level.  While  little  is  presently  known  about  the  balance 
requirements  and  circulation  of  ozone  in  the  zonal  direction  apart  from  the  fact  that  there 
are  changes  in  ozone  amount  from  one  longitude  to  another  as  shown  in  Table  2,  it  is 
possible  that  the  mean  zonal  motion  and  its  standing  eddies  control  the  zonal  flux.  The 
flux  ascribed  to  the  transient  eddies  may  be  a  reflection  of  the  pattern  of  angular  momentum 
transport  in  so  far  as  the  covariance  D'  U1  will  be  predominantly  positive  in  regions  where 
the  covariances  O'  V"  and  U'  V"  are  large  and  positive.  For  example,  the  covariance  0'  IP 
in  the  October-December  1957  period  is  positive  in  middle  latitudes  as  also  is  the  covariance 


TABLE  12. 

Zonal  flux 

OF  OZONE  BY 

TRANSIENT 

EDDIES 

Units  : 

cm  of  ozone 

at  STP  m  sec-1 

(Number  of  cases 

in  parentheses) 

Latitude  Belts 

July-Sept. 

1957 

Oct. -Dec. 
1957 

jan. -March 
1958 

April-June 

1958 

Jujy-Sept. 

1958 

Oct. -Dec. 
1958 

50  mb 

Marcos  Island 

- 

- 

4  0  0485 

(12) 

-  0-1135 

(55) 

-  0  0054 

(75) 

-  0-01J7 
(60) 

Japan  30°-43°N 
(3  stations) 

“  0-0095 

(148) 

4  0  0501 
(21!) 

+  O-OOtrfj 
(316 

4-  0*0898 

(319) 

-  0-0472 
(461) 

4  0-0544 
(393) 

38°-45°N 
(6  stations) 

-  0  0424 

(79) 

4  0-0665 

(94) 

-  0  0480 

066) 

-4-  0  0925 

(321) 

-  0  0253 

(300) 

4-  0-0312 

(220) 

43<’-55°N 
(7  stations) 

-  0-0317 
(409) 

4  0-0827 
(388) 

-  01429 
(372) 

+  o-osw 
(533) 

-  0*0378 

(592) 

4  0  0550 
(518) 

5'>°-60°N 
(5  stations) 

-  0  0292 

Uao) 

4  00506 
(151) 

-  0-1739 

092) 

4  0  0870 

(359) 

~  04)163 

(335) 

4  0-0207 

(207) 

Keftavik  64aN 

-  0  0328 
(141) 

-  0  0053 

um 

-  0-5801 

(125) 

4-  01550 

(166) 

-  0  0351 
(161) 

-  0-1132 
(96) 

Resolute  75°N 

-  0  0582 
(25) 

-  0-0670 

(13) 

+  0-0819 
(4) 

4  0-1223 

m 

4  0*0050 
(110) 

-  0-3867 
(14) 

Alert  82-5’N 

-  0  0248 

OI3) 

4  0  1663 

(5) 

h  0-3302 
(7) 

4  0-1221 
(126) 

-  0-0270 
(121) 

4  0-1174 
(9) 
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WY.  The  hemispheric  averages  show  that  U’  V'  too  is  positive  in  this  season,  that  is, 
relative  angular  momentum  is  transported  northwards  by  the  transient  eddies.  The  final 
interpretation  of  the  zonal  eddy  fiux  values  must  therefore  await  completion  of  our  studies 
now  underway  concerning  the  angular  momentum  budget  of  the  stratosphere. 

7.  Application  of  findings  to  other  trace  substances 
(a)  Strontium-90 

The  distribution  of  strontium-90,  whose  half-life  is  about  28  years,  shows  middle 
latitude  maxima  in  the  soil,  surface  air  and  rainwater  (Alexander  1959;  Lockhart  et  ai. 
1960;  Stewart  et  al.  1957).  No  attempt  will  be  made  to  give  a  comprehensive  bibliography 
of  the  results.  Air  samples  to  70,000  ft  in  the  stratosphere  have  been  collected  by  the 
Lockheed  U-2  aircraft  (Stebbins  1960;  1961),  and  the  Atomic  Energy  Commission  has 
used  balloons  to  raise  sampling  equipment  (the  Ashcan  programme)  to  100,000  ft  (Holland 
1959).  Recently  the  United  States  Weather  Bureau  has  also  conducted  sampling  missions 
in  the  troposphere  and  lower  stratosphere  (Giles  1961).  The  pattern  in  the  stratosphere, 
somewhat  chaotic  during  the  period  of  intensive  weapons  testing  in  1958,  has  gradually 
evolved  since  that  time  as  the  relative  contribution  of  the  various  groups  of  tests  has 
altered.  Figs.  5  and  6  show  the  stratospheric  distribution  during  the  first  six  months 
of  1959  and  1960.  In  1959  when  the  Ashcan  balloon  programme  enabled  the  isolines  to  be 
drawn  to  100,000  ft,  albeit  from  a  somewhat  inadequate  sample-size  as  far  as  meteorologists 
are  concerned,  there  is  a  broad  zone  of  high  concentration  stretching  from  low  to  high 
latitudes  in  the  northern  hemisphere.  Undoubtedly  this  is  a  result  of  the  winter  eddy 
mixing  of  debris  from  the  high  and  low  latitude  tests  of  1958.  The  maximum  concentra¬ 
tions  are  at  a  higher  elevation  than  those  of  tungsten- 185  because  the  latter  was  injected 
by  tests  of  only  moderate  yield  whereas  much  of  the  strontium  was  injected  by  high-yield 
tests  whose  clouds  penetrated  higher  into  the  stratosphere.  The  effect  of  the  greater 
stability  and  consequently  smaller  mixing  in  the  tower  tropical  stratosphere  can  be  clearly 
seen.  In  1960  (Fig.  6)  the  pattern  had  changed  and  there  were  maxima  at  middle  and  high 
latitudes  and  at  the  high  altitudes  sampled  by  the  U-2  aircraft.  Feely  and  Spar  (1960b) 
and  Stebbins  (.‘961)  have  quoted  some  work  by  Kalkstein  which  shows  that  the  pattern 
of  rhodium-102  was  similar  to  these  strontium  patterns.  The  majority  of  the  rhodium, 
another  unique  radioactive  tracer  (half-life  210  days)  that  is  not  a  fission  product,  was 
injected  by  two  high-yield  weapons  fired  from  rockets  above  100,000  ft  in  the  equatorial 
mesosphere  in  late  summer  of  1958.  The  clouds  from  one  of  these  tests  apparently 
reached  a  height  of  1 ,000,000  ft.  While  interpretation  of  this  tracer  is  made  difficult  by  its 
complex  characteristics  the  general  pattern  of  the  results  is  thought  to  be  reliable.  The 
rhodium  from  the  high-level  explosion  first  appeared  in  the  stratosphere  in  the  summer 
of  1959  and  by  the  summer  of  1960  there  were  almost  equal  amounts  in  both  hemispheres. 
The  interpretation  given  by  Stebbins  to  both  the  strontium-90  and  rhodium- 102  1960 
patterns  is  that  they  are  due  to  the  entry  into  the  sampling  network  at  high  latitudes  and 
high  altitudes  of  the  debris  from  the  rocket  shots.  The  debris  is  then  supposed  to  mix 
equatorwards  down  the  concentration  gradient  in  much  the  same  manner  as  debris  from 
the  equatorial  tests  mixed  polewards.  The  presence  of  the  region  of  relatively  low  mixing 
in  the  equatorial  stratosphere  is  again  apparent  from  Fig.  6.  It  is  presently  too  difficult  to 
estimate  how  much  of  the  strontium  came  from  the  rocket  shot  and  how  much  is  residual 
debris  from  the  tests  of  1958  and  earlier.  Further  indirect  evidence  that  the  debris  at 
high  latitudes  and  altitudes  originates  from  the  rocket  shots  is  provided  by  the  age  estimates 
derived  from  cerium-144  to  strontium-90  ratios  (cerium-144  has  a  half-life  of  285  days). 
These  show  that  debris  in  the  northern  hemisphere  is  younger  over  the  pole  and  at  high 
latitudes  than  over  the  equator;  of  course  another  possible  interpretation  is  that  the  debris 
came  from  high-altitude  Russian  tests  in  the  October  1958  series.  The  meteorological 
interpretation  of  the  1960  strontium  and  rhodium  patterns  is  that  the  debris  from  the 
explosion  in  the  mesosphere  mixed  laterally  at  high  altitudes,  possibly  in  the  mesosphere, 
before  mixing  vertically  down  to  the  sampling  regions,  the  vertical  mixing  being  an 
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accompaniment  of  the  winter  polar  vortices.  It  is  important  to  notice  here  that  a  model 
based  upon  observations  of  a  single  element  could  be  quite  misleading.  In  the  case  of 
strontium-90  a  natural  interpretation  of  Figs.  5  and  6  would  be  that  a  mean  meridional 
circulation  of  the  Dobson -Brewer  type  was  in  operation.  Yet  the  tungsten-185,  ozone  and 
rhodium-102  tracers  suggest  that  this  is  not  the  case  below  30  mb.  It  is  not  at  present 
possible  to  present  a  concrete  case  for  either  type  of  circulation  at  higher  levels. 


90*S  80 

Figure  5.  Distribution  of  strontium  00  in  the  st-atosphere  January-August  1959.  Units  are  disintegrations 
per  minute  per  1,000  standard  cubic  feet  of  air.  Potential  temperatures  for  December  1957. 
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Figure  6.  Similar  to  Fig.  5.  Strontium  values  for  January-June  1960. 
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(6)  Stronitum-89 

The  principal  use  of  strontium-89  in  tracer  studies  has  been  its  application  to  provide 
a  measure  of  the  age  of  samples.  Its  half-life  is  50-5  days  and  its  physical  similarity  to 
strontium-90  makes  it  unlikely  that  atmospheric  events  differentiate  between  the  two. 
It  has  therefore  been  the  case  that  the  ratio  of  atrontium-89  to  strontium-90,  in  air,  water 
or  soil,  has  been  considered  as  an  age  parameter.  Feely  and  Spar  (1960b)  presented  values 
of  the  ratio  in  stratospheric  air  for  the  1958-59  period.  Values  in  the  equatorial  stratosphere, 
between  60,000  and  70,000  ft  decreased  with  a  half-time  of  51  days  between  January  and 
September  1959  and  when  the  rate  of  decrease  was  extrapolated  backwards  to  a  value 
considered  appropriate  for  the  production  ratio,  the  date  obtained  was  July  1958,  which  was 
the  time  at  which  tests  were  carried  out  at  low  iathudes.  After  September  1958  the  ratio 
no  longer  decreased.  Feely  and  Spar  consider  that  this  may  have  been  due  to  the  difficulty 
of  dealing  with  very  low  concentration  of  strontium-89  or  to  an  influx  of  younger  debris 
presumably  from  the  October  1958  Russian  tests.  Samples  from  the  southern  hemisphere 
stratosphere  gave  lower  values  of  the  ratio  between  September  1958  and  early  1959,  indi¬ 
cating  the  presence  of  older  debris.  The  ratio  increased  to  reach  approximately  the  same 
values  as  the  equatorial  region  by  the  middle  of  the  year.  The  increase  was  gradual  which 
is  in  accordance  with  the  view  that  large-scale  eddy  mixing  was  bringing  debris  from  the 
equatorial  stratosphere  into  the  region. 


(c)  Carbon- 14 

In  the  stratosphere  an  excess  of  radioactive  carbon-14,  whose  half-life  is  5,760  years, 
over  the  natural  background  produced  by  cosmic  rays,  has  been  introduced  by  the  high- 
yield  weapons  tests.  Hagemann,  Gray,  Machta  and  Turkevich  (1959)  have  reported 
measurements  of  the  concentration  of  carbon- 14  in  samples  to  heights  of  100,000  ft 
collected  with  the  aid  of  high-altitude  balloons.  They  have  constructed  a  meridional 
cross-section  illustrating  the  distribution  in  July  1955.  The  concentration  lines  in  the 
stratosphere  extend  from  the  equatorial  regions  downwards  and  polewards  and  concentra¬ 
tions  increase  with  altitude.  At  this  time  the  majority  of  the  bomb  carbon  had  come  from 
tests  conducted  at  low  latitudes.  A  mechanism  which  could  bring  about  the  observed 
distribution  from  the  single  source  is  the  quasi-horizontal  large-scale  eddy  mixing  referred 
to  above;  in  fact  this  was  mentioned  by  the  authors  but  at  the  time  they  favoured  an 
interpretation  in  terms  of  the  Brewer-Dobson  direct  mean  meridional  circulation. 

(d)  Beryllium-7 

Cosmic  rays  are  thought  to  be  the  sole  source  of  berryllium-7  in  the  atmosphere. 
The  half-life  of  beryllium-7  is  53  days.  The  theoretical  concentrations  have  been  compared 
with  those  observed  by  the  U-2  sampling  network  by  Stebbins  (1961).  Both  vertical  and 
horizontal  gradients  are  less  steep  than  those  predicted  and  amounts  are  generally  lower 
except  in  the  equatorial  stratosphere.  Again  eddy  mixing  provides  a  good  explanation  for 
the  difference  whereas,  as  Stebbins  points  out,  a  mean  meridional  motion  model  would 
predict  higher  concentrations  in  the  polar  regions  rather  than  the  observed  lower  amounts. 

(e)  Radon  and  its  daughter  products 

A  tracer  offering  the  possibility  of  examining  exchange  from  the  troposphere  to  the 
stratosphere  is  radon-222,  a  gas  with  half-life  of  3-8  days  exuded  from  rocks  in  the  earth’s 
crust,  and  its  daughter  products,  radium  A,  B  and  C,  all  particulates  with  very  short 
half-lives,  radium  D  (or  lead-210  as  it  is  more  usually  termed)  with  half-life  of  19-4  years, 
radium  E  with  half-life  of  5  days  and  radium  F  with  half-life  of  1 58  days  which  decays  to 
stable  iead-206.  Measurements  of  radium  D  and  F  in  air  in  the  troposphere  and  lower 
stratosphere  have  been  reported  by  Burton  and  Stewart  (1960).  They  find  that  specific 
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concentrations  increase  with  height  in  the  troposphere  and  increase  more  sharply  with 
height  just  above  the  tropopause.  Burton  and  Stewart  interpret  the  higher  values  in  the 
lower  stratosphere  as  being  due  to  transport  of  radon  and  its  daughter  products  from 
the  equatorial  stratosphere  northwards  by  mean  meridional  motions  of  the  Dobson-Prewer 
type.  The  radon-rich  air  is  supposed  to  enter  the  stratosphere  by  vertical  motions  in 
the  equatorial  regions.  It  is  possible  to  account  for  the  observations  equally  well  with  the 
assumptions  that  the  radon  and  its  daughters  enter  the  stratosphere  by  quasi-horizontal 
mixing  in  the  vicinity  of  the  jet  stream  and  tropopause  gap  and  then  are  transported 
northwards  by  eddy  mixing  as  discussed  earlier.  Under  various  sets  of  assumptions  Burton 
and  Stewart  estimate  the  circulation  time  from  equatorial  to  middle  latitudes  to  be  between 
177  and  212  days.  If  we  suppose  that  the  meridional  eddy  speeds  derived  from  the  ozone 
and  tungsten  data  are  applicable  to  the  radon  and  its  daughters  and  suppose  that  about  30° 
of  latitude  has  to  be  traversed  northwards  of  the  tropopause  gap  associated  with  the 
subtropical  jet  then  we  arrive  at  a  transit  time  of  between  173  and  197  days.  It  would 
seem  that  meridional  eddy  mixing  provides  an  equally  valid  explanation  of  the  observations. 
Telegadas  and  List  (1961)  have  reported  some  lead-210  concentrations  over  North  America 
in  samples  collected  in  the  spring,  which  show  much  lower  concentrations  than  those 
over  England,  and  show  maximum  values  at  20,000  and  30,000  ft  with  values  at  50,000  ft 
some  10  times  smaller  than  those  over  England  at  that  level.  In  view  of  this  situation 
and  several  other  complicating  factors,  such  as  the  possible  production  of  lead-210  in 
tests  by  the  neutron  bombardment  of  bismuth- 209  and  lead- 208,  it  is  best  to  postpone 
further  speculation  about  the  role  of  the  atmosphere  until  more  data  are  forthcoming. 
One  additional  complication  that  is  not  usually  mentioned  in  discussions  concerning  the 
daughter  products  of  radon  is  that  some  become  positively  charged  by  recoil  on  decay 
and  as  has  been  well  known  for  many  years  (see  Rutherford  1904)  they  can  be  collected  on 
a  negatively  charged  wire.  The  author  was  fortunate  to  witness  some  experiments  on  the 
top  of  Mount  Withington,  New  Mexico,  by  Professor  M.  H.  Wilkening  and  Dr.  A.  W. 
Kawano  in  which  they  sampled  radon  and  its  daughter  products  separately  at  the  same  site. 
When  thunderstorms  were  dose  their  electrc  fields  removed  all  the  charged  daughter 
products  from  the  air;  the  fact  that  the  radon  content  remained  constant  demonstrated 
that  the  effect  was  electrical  in  origin  rather  than  being  due  directly  to  air  motion. 


(/)  Water  vapour 

While  ozone  measurements  provided  the  seeds  for  the  Brewer-Dobson  drculation 
model  (Dobson,  Harrison  and  Lawrence  1929)  the  strongest  impetus  came  from  the 
early  measurements  of  the  water-vapour  content  of  the  lower  stratosphere.  Brewer 
(1949)  reported  very  dry  air  just  above  the  troposphere  over  England  with  frost  points 
close  to  —  80°C  which  correspond  to  mixing  ratios  of  about  2  X  10~3  g  kg-1.  Brewer 
suggested  that  the  air  had  been  dried  by  passage  through  the  equatorial  tropopause 
region  where  temperatures  are  about  —  80°C  and  he  theorized  that  the  air  then  moved 
northwards  in  a  mean  meridional  motion  and  subsided  over  middle  and  high  latitudes. 
More  recent  measurements  by  the  British  Meteorological  Research  Flight  (Murgatroyd, 
Goldsmith  and  Hollings  1955;  Helliwell,  Mackenzie  and  Kerley  1957;  Helliwell  I960, 
have  confirmed  the  presence  of  these  low  frost  points.  Roach  (1961)  reports  a  frost  point 
of  —  80°C  above  the  polar  troposphere  in  summer,  and  Roach  (1961)  and  Kerley  (1961) 
report  similar  low  frost  points  in  the  upper  equatorial  troposphere  but  the  latter  region  is 
somewhat  isolated  from  the  lower  troposphere  according  to  their  cloud  data  and  has  a 
different  lapse  rate.  These  facts  are  difficult  to  reconcile  with  the  idea  that  air  in  the 
tropical  regions  slowly  rises  through  the  tropical  tropopause.  On  the  basis  of  present 
knowledge  it  would  probably  be  an  equally  fair  interpretation  to  claim  that  the  atmospheric 
drculation  somehow  acts  to  bring  about  very  low  concentrations  of  water  vapour  near  the 
equatorial  tropopause  and  that  as  a  consequence  very  low'  temperatures  appear  because 
there  is  little  water  vapour  to  absorb  the  outgoing  long-wave  radiation. 
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Soon  after  Brewer's  report,  three  high- altitude  balloon  flights  over  North  America 
showed  much  higher  values  of  the  mixing  ratio  and  a  tendency  for  the  ratio  to  increase 
with  altitude  above  about  15  km  to  values  dose  to  100  x  10  1  g  kg"1  in  two  out  of  three 
cases  (Barrett,  Herndon  and  Carter  1950).  Such  high  values  were  initially  viewed  with 
suspicion  based  mainly  on  the  thought  that  water  vapour  may  have  been  taken  up  by 
the  balloon,  and  apparatus  and  caused  contamination  of  the  high-level  readings.  But 
recently  Mastenbrook  and  Dinger  (1960)  reported  a  similar  increase  in  mixing  ratio  with 
height  and  a  value  of  about  80  X  10-3  g  kg  _1  at  30  km.  At  the  100  mb  level  Mastenbrook 
and  Dinger's  data  were  comparable  to  the  British  data.  Barclay,  Elliott,  Goldsmith  and 
Jelley  (1960)  using  a  cooled  vapour  trap,  measured  the  humidity  directly  at  27  km  and 
found  a  value  of  37  X  10~3  g  kg-1.  Houghton  and  Seeley  (1960)  presented  some  spectro¬ 
scopic  evidence  that  is  not  inconsistent  with  such  values  at  and  above  the  27  km  level. 
Murcray,  Murcray  and  Williams  (1961)  from  infra  red  absorption  measurements  made 
with  a  spectroscope  carried  aloft  on  a  balioon  also  found  an  increase  of  mixing  ratio 
above  17  km  and  for  the  path  Length  above  30  km  the  absorption  corresponded  t.o  mixing 
ratios  of  about  100  X  10  J  g  kg  ‘l  (if  the  mixing  ratio  is  supposed  independent  of  height 
above  that  level).  These  authors  emphasize  the  patchiness  of  the  moist  layers. 

The  Japan  Meteorological  Agency  (1961)  has  reported  measurements  from  a  series 
of  special  dew-point  sondes,  several  of  which  have  reached  10  mb,  launched  during 
the  I.G.Y.  and  1959*60.  Considerable  variability  has  been  revealed;  sometimes  an 
increase  of  dew  point  does  occur  at  the  highest  levels  with  mixing  ratios  exceeding 
100  X  10-3  g  kg~\  but  on  other  occasions  a  decrease  of  mixing  ratio  with  height  is  noted. 
Independent  evidence  of  the  existence  of  considerable  water  vapour  above  the  tropopause 
is  provided  by  the  mother-of-pearl  and  noctilucent  clouds.  Mother-of-pearl  clouds 
occur  at  northern  latitudes  in  winter  at  levels  between  23  and  29  km  (Stormer  1948). 
Present  evidence  suggests  that  they  are  composed  of  water  even  though  temperatures  are 
apparently  about  —  75  to  —  80°C  when  they  are  reported.  Saturation  vapour  densities 
over  water  are  not  normally  tabulated  at  such  low  temperatures,  as  it  is  the  general  opinion 
that  the  water  will  be  in  the  form  of  ice.  Extrapolation  from  the  values  calculated  for 
temperatures  down  to  —  50°C  and  quoted  in  the  Smithsonian  Meteorological  Tables 
(List  1951)  gives  a  vapour  density  of  about  0  004  g  m~3  at  —  75°C  which  corresponds 
to  a  mixing  ratio  at  25  km  of  about  100  X  10~J  g  kg"1.  The  value  is  the  same  order  of 
magnitude  as  the  mixing  ratios  already  quoted  for  these  levels.  The  noctilucent  clouds 
are  usually  interpreted  as  either  ice  or  dust  (Ludlam  1957).  They  are  seen  at  high  latitudes 
in  summer  at  levels  of  about  80  km.  The  rocket  grenade  experiments  (Nordberg  and 
Stroud  1961)  indicate  that  at  just  this  time  and  in  this  region  occur  the  lowest  temperatures 
observed  anywhere  in  the  upper  atmosphere.  Temperatures  of  170°K  have  been  reported. 
The  saturation  vapour  density  over  ice  at  —  103°C  is  about  0  000010  g  m~3  (List  1951) 
and  the  density  at  80  km  is  about  2  x  10~5  kg  m"3,  hence  a  mixing  ratio  of 
500  X  10"3  g  kg”1  is  obtained.  Although  this  is  higher  than  the  reports  at  30  km  by  a 
factor  of  five  it  is  by  no  means  unreasonable.  In  fact  some  of  tire  Japanese  results  approach 
the  value.  Furthermore,  in  the  presence  of  respectable  vertical  motion  such  as  apparently 
exists  with  the  clouds  (Paton  1954)  and  which  is  to  be  expected  in  the  mesosphere,  it  is 
not  necessary  to  have  such  high  humidity  values  to  get  cloud  formation,  as  is  well  known 
for  the  case  of  the  troposphere. 

Thus  there  are  several  lines  of  evidence  that  point  to  the  existence  of  higher  water 
vapour  concentrations  above  25  km  than  are  found  in  the  lower  stratosphere  and  one  of 
the  most  intriguing  present-day  questions  about  the  upper  atmosphere  concerns  the  origin 
of  this  water  vapour.  De  Turville  (1961)  claims  that  sufficient  hydrogen  is  received  at 
the  earth  from  space  to  account  for  all  the  water  present  in  the  oceans.  He  feels  that 
water  may  be  formed  in  the  higher  atmosphere  essentially  by  the  oxidation  of  incoming 
protons.  But  although  it  may  be  possible  to  argue  that  there  is  a  down-gradient  flux  of 
water  vapour  between  30  km  and  the  tropopause  it  was  noted  in  Section  2  that  in  the 
vicinity  of  the  tropopause  gap  water  vapour  seemed  to  be  entering,  rather  than  leaving, 
the  stratosphere.  It  is  difficult  to  explain  the  high  values  on  the  basis  of  large-scale  eddy 
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diffusion  working  in  the  opposite  direction  to  the  ozone  flux,  as  the  present  observations 
would  suggest  that  such  a  flux  would  be  countei -gradient.  More  extensive  coverage  of  the 
globe  geographically  and  in  altitude  is  required  before  one  can  satisfactorily  argue  this 
point.  Other  possibilities  are  that  the  water  vapour  has  been  introduced  to  the  higher 
levels  by  volcanic  eruptions  and  nuclear  explosions.  Or  it  may  be  that  we  have  not  yet 
come  to  grips  with  the  problem;  perhaps  the  water  vajnour  is  bound  to  the  stratospheric 
particulates  such  as  those  studied  by  Junge,  Chagnon  and  Manson  (1963).  Junge  (1961b) 
has  reported  some  preliminary  evidence  ■'hat  some  of  the  particles  are  wet.  Diffusion 
may  then  proceed  down  the  gradient  of  particulates  yet  in  the  opposite  direction  to  the 
gradient  of  water-vapour  concentration.  Finally,  it  should  be  emphasized  that  there  is 
not  a  thorough  understanding  of  the  radiative  effects  of  the  water  vapour.  It  is  not 
meteorologically  impossible  for  the  layers  or  clouds  of  water  vapour  to  be  introduced  into 
the  stratosphere  near  the  iropopause  gap  and  to  rise  diabaticaliy  at  certain  times  and  in 
certain  regions  by  the  absorption  of  long-wave  radiation.  Indeed  it  is  already  clear  that 
the  radiation  budgets  constructed  by  Murgatroyd  and  Goody  (1958)  with  the  assumption 
of  low  water-vapour  concentrations  in  the  stratosphere  will  have  to  be  revised  to  take 
account  of  the  higher  concentration  of  water  vapour  now  thought  to  be  present. 


8.  Conclusions 

At  the  opening  of  this  essay  it  was  stressed  that  the  logical  approach  to  the  study 
of  the  high  atmosphere  is  to  examine  first  of  ail  the  vertical  fluxes  of  energy,  angular 
momentum  and  mass  at  levels  such  as  the  tropopause  and  then  to  study  transports  within 
the  layer  immediately  above,  say  to  30  km,  and  so  forth.  The  greater  part  of  the  discussion 
has  been  concerned  with  the  stratospheric  transport  and  stratospheric-tropospheric 
exchange  of  mass.  It  has  been  established  that  a  large  fraction  of  the  exchange  occurs 
by  what  are  essentially  quasi-horizontal  exchange  processes  in  the  vicinity  of  the  baroclinic 
zones,  the  jet  streams  and  the  tropopause  gaps.  Within  the  lower  stratosphere  the  ozone 
and  tungsten  data  provide  good  evidence  that  large-scale  quasi- horizontal  eddy  processes 
accomplish  most  of  the  mixing  although  the  effects  of  mean  meridional  motions  cannot 
be  ignored  entirely.  Such  processes  satisfactorily  account  for  the  general  distribution 
of  other  trace  substances  with  the  notable  exception  of  water  vapour.  There  is  considerable 
meteorological  evidence  which  also  favours  the  model :  the  counter- gradient  heat  transport 
data  and  the  covariance  between  the  meridional  and  vertical  components  of  the  wind 
are  two  good  examples. 

No  attempt  has  been  made  here  to  make  use  of  the  two  other  diagnostic  tools,  namely 
the  principles  of  conservation  of  energy  and  angular  momentum.  My  colleague  Mr.  A.  A. 
Barnes,  Jr.  will  shortly  present  a  comprehensive  study  of  those  terms  in  the  energy  balance 
of  the  stratosphere  that  can  be  determined  from  meteorological  observations  and  it  would 
seem  that  there  is  nothing  in  the  present  work  which  conflicts  with  his  findings.  It  will 
be  recalled  that  a  preliminary  study  of  a  selected  situation  by  White  and  Nolan  (1960) 
brought  out  the  importance  of  eddy  processes  in  the  energy'  budget  and  demonstrated 
that  they  acted  to  convert  kinetic  to  potential  energy  in  the  lower  stratosphere.  Other 
members  of  the  Planetary  Circulations  Project  are  presently  giving  attention  to  the  various 
components  of  the  angular  momentum  budget  of  the  stratosphere.  Their  work  too  has 
not  so  far  produced  any  evidence  of  conflict  with  the  circulation  processes  deduced  from 
the  distributions  of  trace  substances,  in  fact  the  situation  is  quite  to  the  contrary.  It 
will  be  recalled  that  in  the  older  pictures  of  the  general  circulation  of  the  stratosphere  a 
polewards  mean  motion  imposed  certain  difficulties  when  the  angular  momentum  balance 
was  considered.  The  northwards  motion  actually  produced  a  northwards  transport  of 
momentum  that  was  too  large  on  the  basis  of  the  observed  westerly  winds.  In  the  present 
view  there  is  a  southwards  mean  motion  in  middle  latitudes,  rather  like  that  in  the  upper 
troposphere.  Preliminary  evidence  shows  that  in  the  October-December  1957  period  the 
quasi- horizontal  eddies  transport  angular  momentum  northwards  south  of  60°N  and 
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southward*  north  -A  this  latitude.  Thus  the  eddhsa  act  iii  the  right  direction  to  bring 
about  the  formation  of  a  polar  jet.  Although  the  detailed  budget  has  r.ot  yet  teen  drawn 
up  it  is  dear  dial  the  eddy  transport  coupled  with  the  southward  transport  by  the  mean 
motion  does  not  violate  angular  momentum  considerations. 

At  the  outset  it  was  pointed  out  that  higher  layers  could  be  considered  in  turn.  While 
there  are  no  vertical  velocities  available  for  30  km  some  wind  data  has  been  collected  by  the 
Meteorological  Rocket  Network  over  North  America  (Webb,  Hubert,  Miller  and  Spurling 
1961}  at  heights  to  60  km.  Preliminary  wind  data  have  been  supplied  to  us  very  soon 
after  the  firings  and  have  been  used  so  far  principally  in  conjunction  with  class-room 
instruction.  While  it  is  appreciated  that  no  firm  conclusions  can  be  based  on  these  pre¬ 
liminary  data  it  is  of  some  interest  to  treat  them  rather  as  the  stratospheric  data  have  been 
treated,  bearing  in  mind  that  it  will  be  many  years  before  good  climatological  values  are 
available  for  these  levels.  The  mean  zonal  and  meridional  wind  velocities  for  the  winter 
seasons  1959-60  and  1960-61  are  shown  in  Table  13.  All  data  have  been  assigned  either 


TABLE  14.  Angular  momentum  transport  from  Rocket  Network  wines 
Units  :  knots1  (Number  of  cases  in  parentheses) 


Height 

58-8°N,  94-3°W 

38-0'’N,  1 16-5°W 

37-8-N,  75-5‘W 

34  m  U91“W 

Km 

Ft 

Ft.  Churchill 

T onopah  Range,  Nev. 

Wallops  Is.,  Va. 

Ft.  Mugu.,  Cal, 

61-0 

200,000 

17  V 

4 

708-6 

U4) 

U’V' 

4- 

2574 

54-9 

180,000 

0  V 

4  1212-8 

(29) 

4 

1708-9 

(26) 

crv 

4- 

362-2 

4 

213*5 

48-8 

160,000 

V  P 

4 

1193-9 

(38) 

4 

8350 

(39) 

uw- 

4 

385-6 

- 

95-3 

427 

140,000 

U  P 

~  6329 

(15) 

4  789-6 

(15) 

4- 

858-9 

(47> 

4 

1373 

(4+) 

U'V’ 

t  183  5 

4  176-4 

4- 

134-1 

4 

70-5 

366 

120.000 

V  P 

-  468-8 

(24) 

-  65  3 

(36) 

4- 

55-8 

(57) 

4 

253  0 

(35) 

L"17' 

*•  i&o-s 

4-  264-8 

4 

1+26 

4 

240 

37  5 

100,000 

V  P 

-  160-5 

(30) 

-  4-5 

(36) 

T 

128-2 

(57) 

4 

74-9 

(63) 

U'V’ 

4  187*4 

4  133-6 

+ 

73-7 

4 

4-7 

24-4 

80,000 

D  V 

-  170-9 

(33) 

4  054 

(30) 

4 

18-3 

(42) 

4* 

6-3 

(60) 

(TV' 

-  563 

+  42-5 

4 

8-4 

4 

683 

18-3 

60,000 

D  V 

-  73  8 

(24) 

-  261 

(16) 

- 

50-5 

(60) 

- 

7-5 

(49) 

U'V' 

-  41-2 

4  291 

“ 

51-2 

4 

7-3 

Height 

33-3°N,  106-5  °W 

32-9°N,  106  10W 

30-5°N,  86- 5° W 

28-2°N,  80-6°W 

Km 

Ft 

Whitt  Sands,  Ntw  Mex.  Holloman,  New  Mex.  Eglin  Field,  Fla. 

Cape  Canaveral,  Fla. 

61-0 

200,000 

U  P 

+  2553-0 

(32) 

_ 

22-9 

(U) 

(TV' 

4  524-8 

4 

48  5 

54-9 

180.000 

0  P 

4  2974-8 

(40) 

4 

980-9 

(12) 

U'V' 

4  401-0 

- 

17°’4 

48-8 

160,000 

U  P 

+  18+6  1 

(+0) 

4  10-3 

(12) 

4  1632-5 

(14) 

+  2525- 1 

(17) 

U'V' 

4  4595 

-  404-8 

- 

161-9 

4 

177-8 

42-7 

140,000 

U  V 

4  218-4 

(43) 

-  434-4 

(16) 

4 

800-0 

05) 

4 

124-2 

(16) 

u'V ‘ 

+  1152 

4  299-8 

4 

354  3 

4 

793 

36-6 

120,000 

V  V 

-  119 

(56) 

-  79-9 

(19) 

- 

405  5 

(14) 

4 

5*0 

(21) 

U'V' 

+  37-2 

4-  408-7 

4 

86  8 

4 

16-7 

305 

100.000 

V  P 

4  32-4 

(59) 

-  371 

(19) 

4 

224  6 

(11) 

4 

50-2 

(21) 

iTV’ 

-  4-4 

4  38-9 

4 

132-0 

4 

62  5 

244 

80,000 

V  V 

4  0 14 

(62) 

WV' 

4  496 

18-3 

60,000 

V  V 

-  28-3 

(45) 

WW 

+  19-4 
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to  winter  or  summer  in  the  summaries.  (N)  represents  Use  number  oi  observations.  Units 
are  knots.  It  can  be  seen  that  there  ate  indications  of  a  mean  meridional  motion  polewards 
at  middle  latitudes  at  about  30  km  A  similar  motion  with  smaller  magnitude  is  evident 
in  the  summer  summary.  But  caution  should  be  exercised  in  the  interpretation  for  this 
may  just  be  a  reflection  of  a  standing-eddy  partem  such  as  is  observed  at  tower  altitudes. 
Thus  the  existence  of  mean  meridional  motions  at  these  levels  will  remain  in  doubt  until 
the  network  is  extended  to  Europe  and  Asia.  The  standard  deviation  of  the  meridional 
component  a  (V)  is  also  shown  for  cases  where  10  or  more  values  were  available.  The 
meridional  eddy  shuffling  apparently  increases  with  altitude  although  part  of  this  variance 
may  be  of  instrumental  origin.  Table  14  illustrates  the  transport  of  angular  momentum 
calculated  from  the  observations.  The-  important  point  to  note  here  is  tliat  even  at  50  km 
the  transport  by  transient  eddies  is  not  negligible  compared  with  the  calculated  total  trans¬ 
port.  It  is  not  yet  possible  with  so  few  observations  to  make  a  start  on  the  construction  of 
a  budget  to  60  km  but  this  will  be  done  in  a  few  more  years  if  observations  are  continued 
and  extended.  This  concludes  our  general  argument  that  eddy-mixing  processes  are 
important  above  the  tropopause  as  well  as  below.  The  fact  that  the  molecular  weight 
of  air  remains  constant  with  altitude  up  to  about  100  km  is  good  evidence  that  mixing 
occurs  up  to  this  level ;  within  the  next  few  years  we  should  reach  an  understanding  as  to 
the  amount  of  the  mixing  that  can  be  ascribed  to  large-scale  eddy  motions  such  as  are 
in  evidence  at  lower  levels. 
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Further  statistics  on  the  exchange  of  kinetic  energy  between 
harmonic  components  of  the  atmospheric  flow 
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SIDNEY  TEWELES,  VJS.  Wasthsr  Bureau,  Washington,  D.C. 

(Manuscript  received  Auguat  1 1.  1984) 


ABSTRACT 

The  tramdera  of  kinetic  energy  between  harmonic  components  of  the  600  mb  geaetrophic 
fiow  over  the  Northern  Hemisphere  have  been  measured  for  an  ensemble  of  daily 
maps  covering  a  nine-year  period,  baaed  on  a  truncation  at  zonal  wave  number,  » **  16. 
The  results  show  (l)  that,  in  the  mean,  all  waves  {n  “  1-16)  transfer  their  energy  to 
the  zonaUy  -averaged  motion  (»  “  0)  and,  of  more  physical  significance,  the  aggregate 
of  all  waves  in  the  group  n-^2-15  transfer  energy  to  support  the  asymmetric  polar 
vortex  comprised  of  wave  numbers  zero  and  one,  and  (2)  that,  among  the  waves 
themselves,  wave*  of  n  -  2  and  5-10  are  sources  of  kinetic  energy  and  all  the  rest  are 
sinks.  The  energy  source  at  n  “  2  seems  to  be  a  significant  new  result  indicating  a 


strong  forced  conversion  of  energy  on  the 
Seasonal  variations  are  discussed. 

Daily  measurements  of  the  rates  of  transfer 
of  kinetic  energy  to  the  zonal  current  from  the 
eddies  of  different  wave  number,  »  (denoted  by 
M)  (Saltzman  &  FLKisHF.fi,  1960a),  and  be¬ 
tween  the  different  eddy  scales  themselves 
(denoted  by  L)  (Saltzman  St  Flkishkh,  19606), 
have  now  been  extended  to  cover  a  nine-year 
period  within  the  years  1935  to  1964. 

In  view  of  the  longer  period  of  record,  we  feel 
enough  confidence  has  been  added  to  the 
averages  to  present  a  resolution  into  three- 
month  and  half-year  “seasonal”  averages  in 
addition  to  the  annual  average,  and  also  into 
individual  wave  numbers  instead  of  the  groups 
of  wave  numbers  given  previously.  The  measure¬ 
ments  are  still  only  for  the  IS1"  to  80°  N  zonal 
band  at  the  500-mb  level  and  for  n  ”  1-15. 
Thoy  are  based  on  the  same  assumptions  used 
in  the  previous  studies  (e.g.,  only  the  horizontal, 
geoetrophic,  components  of  the  motion  are  con¬ 
sidered). 

The  now  nine-year  averages  are  given  in 
Table  1  along  with  probable  errors  (computed 
using  half  the  total  number  of  cases)  for  the 
ensemble  of  daily  values  over  the  entire  year, 
the  warmer  and  colder  half  years,  and  the  three - 
month  seasons.  The  six-month  means  are  also 
shown  graphically  in  Fig.  1,  and  the  annual 
budget  is  represented  schematically  in  Fig.  2, 


scale  of  the  major  continents  and  oceans. 


From  the  Af  values,  it  can  be  seen  that  all 
waves  tend  to  feed  their  energy  into  the  zonal 
current,  with  maxima  at  n  -  2  and  7  in  the 
annual,  colder  six-month,  and  winter  means. 
A  minimum  in  M  occurs  at  »  4,  as  it  did  in 

the  previous  study  covering  the  year  1951.  For 
all  wave  numbers,  the  mean  values  of  M  appear 
to  be  significantly  different  from  zero.  The  total 
gain  of  kinetic  energy  by  the  zonal  current, 
measured  by  S*  j  M(n),  is  given  in  the  last 
column  of  Table  1 . 

The  redistribution  of  kinetic  energy  among 
the  individual  waves,  measured  by  L,  shows, 
in  general,  a  net  gain  by  the  long  waves  n  “  1 , 
3,  and  4,  and  the  short  waves  n  “11-15.  The 
large  loss  from  n  =  2  appears  to  be  an  important 
new  finding  that  suggests  a  large  forced  conver¬ 
sion  of  potential  energy  on  this  scale  associated 
with  the  continent-ocean  structure.  The  loss 
from  the  cyclone  band  rt“5-10  is  probably 
compensated  by  the  normal  free  baroclinic 
development  processes  within  the  troposphere. 

From  a  synoptic  viewpoint,  w€>  note  that  the 
so  called  “polar  vortex"  is  no  more  than  the 
sum  of  an  axially -symmetric  component  of 
motion  corresponding  to  «  -  0  and  an  axially - 
asymmetric  component  corresponding  to  n  =  l. 
Thus,  the  results  here  show  that  the  whole 
polar  vortex  tends  to  derive  an  important 
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EXCllAJfUK  OF  KINETIC  ENERGY  BETWEEN  HARMONIC  COMPONENTS 


Tabus  1,  Mean  value*  of  At  and  L  and  their  probable  errors  e,  in  units  of  10~l  ergsjem*  sec  mb. 
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part  of  its  energy  from  the  higher  wave  numbers 
(n  i>  2)  by  the  non-linear  transfer  processes 
measured  by  Af(n)  and  L(I). 

As  should  be  expected  from  these  geoetrophic 
calculations,  the  results  over  the  spectral  region 
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studied  are  in  accord  with  the  theorems  on 
energy  transfer  in  two-dimensional,  non-diver- 
gent  flows  presented  by  Fjobtojt,  1953:  e.g., 
the  loss  of  energy  from  intermediate  scales  is 
accompanied  by  a  gain  of  energy  by  larger 


-411- 


B.  saltzman  et  id. 


OCT  —  MM 


l*i«9»7B»10ltlZ»>4l6 

•AVI  NUHAtR 

Fio.  1.  Energy  transfer  spectral  functions.  L  (solid 
line)  and  M  (dashed  line),  for  the  cold  and  warm 
half  years,  baaed  on  a  nine-year  record.  Lines  are 
drawn  between  discrete  values  only  for  visual  aid. 


scales  as  well  as  by  smaller  scales.  The  consistent 
gain  of  energy  by  the  higher  wave  numbers, 
n  - 11-16,  gives  the  appearance  of  a  Kolmogo- 
roff-type  cascade  constrained  by  the  truncation 
at  n  -  15.  In  this  connection,  it  is  important  to 
recognize  tliat  the  transfer  spectrum  is  a  func¬ 
tion  of  the  particular  truncation  point  chosen. 
For  example,  if  we  could  extend  the  calculation 
to  include  infinitely  high  wave  numbers  (and, 
even  more  so,  if  we  included  vertical  transfer 
processes)  we  would  thereby  encompass  dissi¬ 
pative  energy  transfers  associated  with  eddy 
viscosity,  and,  as  a  result,  this  would  markedly 
affoct  the  entire  transfer  spectrum.  In  our  case, 
we  have  arbitrarily  truncated  at  n  -  15  in  the 
belief  that  this  represents  a  rough  limit  of 
the  scales  describable  on  hemispheric  synoptic 
charts.  Accordingly,  we  consider  the  aggregate 
of  all  scales  n  ?  16  as  a  sort  of  viscous  sink  for 
the  surplus  energies  acquired  in  the  long-time 
average  by  eddies  in  the  group  n  -  1-15, 
through  the  processes  measured  by  L  and  M 
and  by  conversion  from  potential  energy.  In 
truth,  however,  the  region  n  >  16  is  itself  rich 
in  energetical  detail  involving  all  subsynoptic 
phenomena,  and,  in  fact,  certain  portions  of 
this  region  may  even  be  significant  tources  of 


kinetic  energy  for  the  synoptic  motions  (e.g., 
organized  cumulus  convective  motions). 

Inspection  of  the  error  estimates  (s  -  Str/V  Nj2 
where  a  is  the  standard  deviation  and  N  is  the 
number  of  days)  shows  much  more  variability 
in  L  than  in  M.  In  fact,  for  most  wave  numbers, 
L  varies  on  a  daily  or  longer  period  basis  be¬ 
tween  positive  and  negative  values  so  that,  from 
time  to  time,  the  dominant  kinetic  energy 
source  appears  to  shift  from  one  wave  number 
to  another. 

The  month-to-month  variation  in  kinetic 
energy  transfer  by  those  waves  demonstrating 
a  large  and  distinct  annual  cycle  is  shown  in 


KINETIC  ENERGY  EXCHANGE 
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Flo.  2.  Annual  means  of  L  and  M  represented  in 
the  form  of  a  budget.  L  values  are  in  the  first  open 
column  and  M  values  in  the  second  open  column 
with  the  plus  sign  shown  by  an  arrow  pointing  to¬ 
ward  the  right.  The  net  gain  of  kinetic  energy  by 
individual  waves  [L(n)  —  -Sf(n)]  and  by  the  zonal 
flow  M(n)]  is  shown  by  the  figures  within 

boxes.  A  negative  value  within  a  box  thus  represents 
an  exported  quantity  of  kinetic  energy  which,  it  is 
assumed,  was  generated  within  the  given  wave 
number  principally  by  conversion  from  available 
potential  energy  and  which  is  in  excess  of  any 
amount  consumed  by  friction. 
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exchange  of  kinetic  energy  between  harmonic  components 


Fig.  3.  Monthly  means  of  2!/- 1  M(n),  M 1 },  M2), 
19n*i  MM, 

Fig.  3.  It  is  interesting  to  note  the  degree  to 
which  wave  numbers  1  and  2  appear  to  comple¬ 
ment  each  other.  The  transfer  into  wave 
number  1  and  the  transfer  out  of  wave  number 
2  both  have  large  values  in  the  colder  months 
and  near  zero  values  in  the  wanner  months. 


wave  number  2  in  particular  having  little  net 
transport  between  April  and  October.  Although 
there  is  a  similar  annual  cycle  in  the  transfer 
into  tiie  zonal  flow,  Af(n),  anti  the  transfer 
out  of  the  group  of  wave  numbers  6-9,  the  rate 
of  transfer  remains  substantial  even  in  summer 
when  a  minimum  rate  of  transfer  appears  in 
July.  A  unique  characteristic  of  the  individual 
month  of  February,  included  in  the  winter 
statistics,  is  the  tendency  for  a  large  positive 
value  of  £  in  wave  number  4. 
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ABSTIiAGT 

A  hemispheric  network  of  radiosonde  stations  is  used  in  order  to  study  t  ie  energetics 
of  the  lower  stratosphere  during  the  IGY  period  Juiy  IDS?  through  June  1958.  For 
a  hemispheric  polar  cap  with  30  and  100  mb  as  top  and  bottom  boundmai  the  balance 
equations  of  zonal  and  eddy  kinetic  energy,  and  zonal  and  eddy  available  potential 
energy  are  considered  in  detail.  The  eddies  appear  to  build  up  the  kinetic  energy  of 
the  zonal  flow  at  the  expense  of  the  eddy  kinetic  energy  during  all  seasons.  The  eddies 
lose  also  eddy  potential  energy  to  the  mean  zoned  distribution,  in  agreement  with  the 
abnormal  upalope  direction  of  the  eddy  heat  transport.  Thus,  no  source  of  energy  for 
the  eddy  motions  appears  to  be  present  in  situ  and  the  eddies  must  be  forced  by  the 
circulation  in  the  adjacent  layers,  probably  by  the  tropospheric  motions. 

The  energy -cycle  in  the  lower  stratosphere  is  in  many  respects  different  from  the 
one  usually  found  in  the  troposphere,  where,  as  is  well  known,  eddy  kinetic  energy  is 
destroyed  by  friction  and  the  energy  source  is  found  in  the  creation  of  zonal  available 
potential  energy  by  radiation  and  the  subsequent  baroclinic  processes.  For  the  1 00-30 
mb  layer  the  necessary  kinetic  energy  is  supplied  by  interaction  at  the  top  and/or 
bottom  boundaries,  while  ultimately  the  energy  is  destroyed  in  the  form  of  zonal 
available  potential  energy  by  radiation. 


1.  Introduction 

The  research  reported  in  this  paper  forms  part 
of  an  extensive  stratospheric  study  by  the  M.I.T. 
Planetary  Circulations  Project.  The  basic  ob¬ 
servations,  namely  the  horizontal  components 
of  the  wind,  the  temperature  and  the  height  of 
the  pressure  levels  at  100,  00  and  30  mb,  are 
taken  from  microcards  which  were  issued  by  the 
World  Meteorological  Organization  for  the 
International  Geophysical  Year  (IGY).  A 
selected  network  of  about  240  radiosonde  sta¬ 
tions,  giving  a  good  coverage  over  the  northern 
hemisphere,  is  used.  The  selected  time  period  is 

1  This  investigation  was  sponsored  principally  by 
the  Atomic  Energy  Commission  under  contract  No. 
AT(30-1)2241;  before  March  1982  the  research  was 
supported  jointly  by  the  Atomic  Energy  Couimis- 
siou  and  the  U.S.  Air  Force  under  Contracts  No. 
AT(30-I)2241  and  AF19<604)-5223. 

*  The  author’s  present  addrees:  Koninklijk 
Nederiands  Meteorologiaeh  Inatituut,  De  BUt ,  The 
Netherlands. 
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July  1957  through  June  1958;  this  year  of  data 
was  subdivided  into  four  periods  of  three 
months  each,  in  order  to  study  possible  seasonal 
variations.  The  data  were  reduced  for  every 
station  separately.  Then,  after  plotting  the 
calculated  three-monthly  means  on  hemispheric 
maps,  the  latter  were  analyzed  by  band.  By 
this  method  the  mean  fields  of  the  basic  quanti¬ 
ties  and  of  their  covariances  in  time  were  ob¬ 
tained.  Gridpoint  values  which  were  read  off  the 
maps,  form  the  basic  material  for  calculating 
the  terms  in  the  energy  cycle. 

This  paper  deals  with  the  energy  budget  for 
a  stratospheric  layer  which  is  bounded  in  the 
vertical  by  the  constant  pressure  levels  100  and 
30  mb  and  in  the  horizontal  direction  by  a 
“wall”  at  the  equator.  Our  intention  is  to 
determine  what  processes  might  be  responsible 
for  maintaining  the  mean  etate  of  the  general 
circulation  in  this  polar  cap.  Masewise  the  layer 
between  100  and  30  mb  is  of  little  importance, 
since  it  contains  only  1/14  of  the  total  mass  of 
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the  atmosphere,  while  about  8/10  is  concen¬ 
trated  in  the  troposphere.  As  we  shall  see,  the 
general  circulation  in  the  lower  part  of  the 
stratosphere  is  very  different  from  the  one  either 
below  in  the  troposphere  or  above  in  the  middle 
stratosphere.  In  those  layers  it  is  evident  that 
the  atmospheric  disturbances  tend  to  release 
kinetic  energy  at  the  cost  of  potential  and 
internal  energy. 

The  present  work  is  ana  of  the  first  attempts 
in  studies  of  the  general  circulation  to  consider 
the  complete  energy  cycle  for  a  separate  layer 
in  the  atmosphere.  Much  of  the  earlier  research 
of  hemispheric  scope  has  been  aimed  exclusively 
at  the  behavior  of  the  atmosphere  integrated 
over  ad  layers  in  the  vertical.  There  is  much  to 
be  gained  from  detailed  information  on  the 
individual  layers  of  the  atmosphere.  However, 
our  approach  has  on  this  account  certain  limi¬ 
tations  and  additional  problems,  such  as  the 
following:  (1)  boundary  effects  in  the  vertical 
have  to  be  taken  into  account,  (2}  the  terms  at 
the  boundaries  cause  a  certain  arbitrariness  in 
the  definitions  of  energy  conversiojis  for  the 
layer,  and  (3)  the  total  mass  transport  in  the 
layer  across  a  latitude  circle  is  not  necessarily 
equal  to  zero. 

2.  Notation 

(x,  y,  p)  *»  coordinates  with  axes  in  east¬ 
ward  and  northward  directions 
and  a  pressure  coordinate 

4>  =*  latitude 
A  -  longitude 
II  -  height  isobaric  level 
u  w  west -east  component  of  the 
wind  (positive  if  from  the  west) 
south -north  component  of  the 
wind  (positive  if  from  thesouth) 

c-l/u’T^ 

to~dpjdt~  “vertical  velocity” 

<D  -  gH  -  geopotential 
T  *  temperature 
8  potential  temperature 
a  =  specific  volume 
y  -  dTjdz  -  lapse  rate 
yd  -  dry  adiabatic  lapse  rate 
dm  -  a*  cos  4di.  dj>  (dpjg)  =  increment 
of  mass 


o  *>  radius  of  the  earth 
g  «  acceleration  due  to  gravity 
il  >  rotation  rate  of  the  earth 
/  -  20  sin  f  -  Coriolis  parameter 
if  -  gas  constant 

Cp  -  specific  heat  at  constant 
pressure 

Q  -  heating  rate 

F  ~  frictional  force 

r~>  -!/(<,-«,)/!;(  )  dl  =  time 

average 

(  )'*.  (  )  -  (  )=-.  deviation  from 

time  average 

[(  )]  »1/2jiJJ*(  ) dX -  zonal  average 

<  )*  -  (  )-[(  )]  ~  deviation  from 

zonal  average 

(  /!*< 

hemispheric  average 


(  Y' “  (  )  —  (  )“  deviation  from 

hemispheric  average 

[o'  b']  =  transient  eddy  covariance  of 
a  and  b 

[d*5*l  -  standing  eddy  covariance  of 
o  and  b 


Ku^Kn.i^  Ku. v  “ zona'  kinetic 
energy 

*  “  i  f  [tifdm 

KM.y-lim'dm 

Ke~  KS'  ~  eddy  kinetic 

energy 

**]}*» 


■  dm  *•  zonal  avai- 


J  Tfya-f) 

lable  potential  energy 


i  g  f 1 dm  -  eddy 

J  f(n-y) 

available  potential  energy 


Tellus  XVI  (1964),  3 


-415- 


ENERGETICS  OT  MEAN  AND  EDDY  ORCC1ATIONS  IN  LOWER  STRATOSPHERE 


D{K)  •  rate  of  frictional  dissipation  of 
kinetic  energy  due  to  the  effects 
of  (1)  below  grid-size  eddies  in¬ 
side  the  volume  and  (2)  eddy 
stresses  at  the  boundaries  by 
a  simitar  scale  of  motion 
G{P)  -  rate  of  generation  of  available 
potential  energy  by  diabetic 
heating 

C(Ke,  Kv)  -=  rate  of  conversion  from  eddy 
into  zonal  kinetic  energy  by  the 
eddy  momentum  transport 
V(Ky  v,  Ku,  i)  =  rate  of  conversion  from  KMy 
into  Ky,  z  by  mean  meridional 
circulations 

C(PM,  Pg)  **  rate  of  conversion  from  zonal 
into  eddy  available  potential 
energy  by  the  eddy  heat  trans¬ 
port 

C(PU,  Ku)  --  rate  of  conversion  iron  zonal 
available  potential  energy  into 
zonal  kinetic  energy  !>y  mean 
meridional  circulations 
C(Pe,  Kg)  -  rate  of  conversion  from  eddy 
available  potential  energy  into 
eddy  kinetic  energy  by  large- 
scale  eddy  convection 
lfe  (K) «  rate  at  which  work  is  done  on 
the  considered  layer  by  the 
measured  eddy  stresses  at  the 
boundaries 

IVp  (K)  -  rate  at  which  work  is  done  on 
the  considered  layer  by  the  pres  - 
sure  forces  at  the  boundaries. 

3.  Energy  budget  for  100-30  mb  layer 

We  shall  consider  a  stratospheric  layer  with 
the  100  and  30  mb  levels  (reap,  at  about  10  and 
24  km  height)  as  bottom  and  top  boundaries 
and  a  “wall"  at  the  equator  as  vertical  boundary. 
It  is  of  great  interest  to  establish  by  what 
mechanism  the  time-mean  and  zonal-mean 
state  of  the  circulation  is  maintained  in  this 
polar  cap  and,  with  this  in  mind,  we  shall 
compute  most  of  the  terms  in  the  budgets  of 
zonal  and  eddy  kinetic  energy,  and  zonal  and 
eddy  available  potential  energy. 

No  attempt  will  be  made  to  compute  the 
balance  of  total  kinetic  and  total  potential 
energy.  Such  calculations  were  performed  by 
Craig  <fc  Lateef  (1962)  for  the  kinetic  energy 
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during  one  month  in  1957  using  only  North 
American  stations,  and  by  Barnes  (1963)  for 
both  forms  of  energy  with  a  hemispheric  net¬ 
work  during  the  first  six  months  of  the  IOY. 
It  is  evident  from  Barnes’  work  that  with  the 
present  data  coverage  uncertain  terms  such  as 
those  involving  transports  by  mean  meridional 
overt umings,  may  spuriously  dominate  the  equa¬ 
tions.  On  the  other  band,  one  generally  finds  that 
transient  and  standing  eddy  transports  can  bo 
measured  more  accurately  than  transports  by 
mean  meridional  circulations.  In  view  of  this, 
we  have  decided  to  consider  the  equations  for 
the  balance  of  the  zonal  and  eddy  forms  of 
energy  separately.  These  calculations  may  give 
ua  in  addition  valuable  and  quite  reliable  in¬ 
formation  on  the  redistribution  of  kinetic  and 
available  potential  energy  among  the  zonal- 
moan  and  eddy  forms. 

The  interpretation  of  the  calculated  terms  in 
both  the  kinetic  and  the  available  potential 
energy  equation  forms  a  difficult  problem. 
There  is  a  separation  of  the  terms  possible  into 
groups  with  a  distinct  physical  meaning,  but 
this  division  is  not  unique.  For  example,  one 
may  combine  some  of  the  terms  which  indicate 
a  transport,  and  the  conversion  term  and  call 
the  sum  “conversion".  However,  as  a  rule  the 
name  conversion  should  be  reserved  for  the 
term  which  expresses  clearly  the  physical  me¬ 
chanism  by  which  one  thinks  the  transforma¬ 
tion  takes  place.  Of  course,  this  conversion 
term  should  appear  with  the  opposite  sign  in 
the  balance  equation  for  the  forms  of  energy 
from  or  into  which  the  form  of  onergy  in  ques¬ 
tion  is  converted.  In  the  following  discussions 
we  shall  adopt  the  nomenclature  which  in  our 
opinion  makes  most  physical  sense  (for  the  sub¬ 
ject  of  energy  t  ransformations  see:  Miller,  1950; 
Lettau,1954;  Lorenz,  1955,  and  Pfeffer,  1957). 

The  levels  of  the  basic  observations  are  100, 
50  and  30  mb.  The  assumption  is  made  in  the 
calculations  of  the  integrals  that;  (1)  100  mb 
is  representative  for  the  layer  100-75  mb,  (2) 
50  mb  is  representative  for  the  layer  75  -40  mb, 
and  (3)  30mb  is  representative  for  the  layer  40  -30 
mb.  Since  values  of  adiabatic  vertical  motions 
wore  available  only  at  75  and  40  mb,  it  is  further 
assumed  that  the  calculated  vertical  transport 
at  75  mb  represents  the  flux  at  the  lower  boun¬ 
dary,  while  the  40  mb  transport  is  assumed  to 
represent  the  flux  at  the  upper  boundary  of 
our  volume.  It  is  possible  that  the  measured 
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transport  at  75  rob  considerably  underestimates 
the  actual  transport  at  100  mb.  In  the  vertical 
transports  by  mean  meridional  circulations,  u>ad 
is  corrected  in  such  a  way  that  the  hemispheric 
averuge  of  </Jad  vanishes.  This  is  done  in  order  to 
satisfy  continuity  of  mass.  However,  it  was 
found  afterwards  that  this  correction  did  not 
change  the  mean  vertical  transports  appreciably. 
No  correction  has  been  applied  to  the  eddy  tran¬ 
sports  involving  vertical  motions,  because  they 
are.  probably  only  slightly  affected  by  diabatic 
effects,  such  as  (!)  heating  or  cooling  due  to 
radiation  and  (2)  heat  ins:  duo  to  the  release  of 
latent  heat.  The  effects  of  radiation  are  alow; 
thus  radiation  will  not  change  the  computed 
transient  eddy  covariances,  though  it  might  be 
important  for  the  standing  eddy  contributions. 
Since  the  amount  of  water  vapor  in  the  lower 
stratosphere  is  quite  small,  the  effects  of  con¬ 
densation  may  be  neglected. 

At  this  point  it  is  of  interest  to  arid  some 
remarks  concerning  the  different  scales  of 
motion  which  we  measure  in  our  eddy  tran¬ 
sports.  Let  us  first  consider  the  contribution  of 
the  eddies  in  space,  i.e.,  the  standing  eddies. 
The  horizontal  resolution  in  space  is  limited 
because  of  the  station  distribution  and  our 
method  of  analysis  of  hemispheric  maps,  to  a 
scale  of  motions  which  is  larger  than  about 
500  km.  There  is  practically  no  resolution  in 
the  vertical  since  we  list'd  only  data  at  100, 
50  and  30  mb.  The  contributions  of  transient 
eddies  are  in  general  larger  than  those  of  the 
standing  eddies;  thus,  it  is  of  particular  interest 
to  look  at  the  time  scab's  involved.  In  the 
vertical  transport  by  transient  eddies  (such  as 
the  transport  of  momentum  u'oj)  we  catch 
only  eddies  with  time  scales  of  more  than  one 
day.  This  is  because  the  adiabatic  vertical 
motions  which  are  used  here,  wore  evaluated 
from  two  soundings  24  hours  apart.  They  repre¬ 
sent  some  kind  of  24  hours  smoothed  values. 
On  the  other  hand,  the  horizontal  transport  by 
transient  eddies  (such  as  the  transport  of 
momentum  mV)  is  measured  almost  instantly 
and  contains,  in  principle,  also  the  contribution 
from  eddies  with  shorter  time  scales  from  a  few 
hours  down  to  a  few  minutes.  Diurnal  effects 
might  be  important,  but  they  are  not  included 
in  the  transports,  since  the  observations  were 
taken  at  approximately  the  same  time  of  tho 
day.  The  frictional  force  is  defined  as  a  flux  of 
momentum  at  the  boundaries  by  eddies  with  a 


time  or  apace  scale  below  tho  scale  of  our  grid. 
This  implies  that  most)-  and  micro-scale  eddies 
arc  included  in  the  frictional  force  at  the  top 
and  bottom  boundaries,  while  the  frictional 
force  at  the  vertical  wall  contains  mainly 
miero-s"at*-,  transient  eddy  contributions  and 
is  hence  probably  of  minor  importance. 


3.1.  Zona;.  enkiu: v 

In  this  section  we  shall  consider  the  problem 
of  how-  the.  zonal  kinetic  energy  is  maintained 
against  frictional  dissipation  inside  the  volume. 
The  term  “zonal  kinetic  energy”  was  defined  in 
section  2  as  the  kinetie  energy  of  the  zonal 
mean  and  time  mean  horizontal  circulation,1  i.e., 
Ku  •“  KM.z  -  Ku.y  -"if  {[«*]*  -H  tip}  dm.  Since 
the  mean  meridional  motions  are  two  orders  of 
magnitude  smaller  than  the  mean  zonal  mo¬ 
tions,  Km  is  very  nearly  equal  to  K*.  j  and  we 
arc.  justified  to  restrict  ourselves  in  the  discus¬ 
sion  of  the  mean  motions  mainly  to  the  zonal 
component.  Kuo  (1951)  derived  a  balance 
equation  for  the  zonal  kinetic  energy  in  the 
(xyz)  coordinate  system.  A  similar  equation, 
rewritten  for  the  pressure  coordinate  system, 
was  used  by  Starr  (1953,  1959)  and  Barnes 
(1963)  in  their  computations  of  the  kinetic 
energy  balance  in  the  northern  hemisphere  and 
by  Obasi  (1963)  in  his  study  of  the  southern 
hemisphere  circulation.  In  the  derivation,  the 
zonal  equation  of  motion  is  first  multiplied  by 
[»),  next  averaged  in  time  over  the  period  con¬ 
sidered,  and  finally  integrated  in  space  over  tho 
mitts  of  a  polar  cap.  The  resulting  expression 
may  be  written  in  a  form  where  the  effects  of 
eddy  and  mean  mot  ions  are  separated.  To  derive 
equation  (1)  use  is  made  of  tho  Gauss’  diver¬ 
gence  theorem  and  the  equation  of  continuity. 

0  C(KE  i,  KM  x)  !■  CiKx  y,  Kj  i)  +  D{Km,z) 

+  A{Kh .x)  -  W +  Seasonal  correction. 

(1) 

1  This  definition  of  zonal  kinetic  energy  is  different 
from  the  one  originally  given  by  Lorenz  (1955)  who 
used  "}{(«)’  [ «=]*}  dm.  Also  the  conversion 

rates  considered  here  are  different  from  those 
derived  by  Lorenz.  The  present  approach  is  more 
appropriate  in  this  case  because  no  daily  gridpoint 
data  were  available. 
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Equation  (1)  sta tea  that  there  should  be  a 
balance  between  the  following  processes:* 

(а)  The  conversion  from  eddy  into  zonal 
kinetic  energy  by  horizontal  and  vertical  eddies 
(only  ^-component  of  process  considered): 

C(Kt,  „  K„. ,)  ~  J[^k  «» 

The  horizontal  part  of  the  in  tog  rand  of  C(KS  t, 
j  constats  of  the  product  of  the  meridional 
transport  of  relative  angular  momentum  by 
eddy  motions  and  the  gradient  of  the  angular 
velocity.  If  an  eddy  transport  of  angular  mo¬ 
mentum  takes  place  from  latitudes  whore  the 
air  has  a  small  relative  angular  rotation  to 
latitudes  where  the  air  rotates  more  rapidly, 
the  integral  indicates  a  conversion  from  eddy 
into  zonal  kinetic  energy'. 

(б)  The  conversion  of  energy  from  the  mean 
meridional  motions  into  the  mean  zonal  motions 
due  to  essentially  the  Coriolis  effect: 

C(KM.t,  Ku.  x)  -  f/fu]  [v}dm  +  J[«]  [«}*  dm. 

*»■ 

Its  magnitude  is  extremely  uncertain  due  to  the 
great  difficulty  of  estimating  (»}  accurately 
enough. 

(c)  The  sum  of  two  processes,  which  are  in¬ 
cluded  in  the  term  “frictional  dissipation”,  i.e., 
(1)  the  change  of  kinetic  energy  due  to  the 
effects  of  below  grid-scale  eddy  stresses  at  the 
boundaries,  and  (2)  the  change  of  kinetic  energy 
due  to  similar  internal  friction;  this  sum  being: 

B{KU'Z)~  j[u][F,}dm. 

(d)  The  advection  of  zonal  kinetic  energy 
through  the  boundaries  by  mean  meridional 
overt  urn  ings: 

1  In  this  symbolic  form  of  the  balance  equation 
for  the  zonal  kinetic  energy  no  term  indicating  the 
rate  of  change  of  zonal  kinetic  energy  appears  on 
the  left  hand  side  of  the  equation.  Because  the  ba¬ 
lance  of  the  time -mean  state  is  considered,  the  term 
which  contains  the  product  of  [a]  and  Au /At  has  a 
slightly  different  meaning  and  is  written  on  the 
right  hand  side  of  the  equation  as  “seasonal  correc¬ 
tion”. 
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(e)  The  work  performed  on  our  volume  by 
the  measured  eddy  stresses  at  the  boundaries: 


W.IKm, 


_ _  ii'i) 

{&l[uv)fdz 

-0  9 


f  f  i 


[a] 


dxdy  C  C 

V  +  JJ. 


_  tLtdtf 

[d)fue>W - -• 

m  mb  9 


!J)  The  so-called  “seasonal  correction”: 
,A[«3 


ffi]  - dm. 
At 


This  term  contains  tho  considered  time  period 
At  in  the  denominator  and,  therefore,  decreases 
in  importance  with  time.  Aside  from  the  seasonal 
trend,  this  correction  contains  random  daily 
fluctuations  superimpose  l  upon  the  trend.  The 
term  thus  arises  because  of  our  method  of  lime 
averaging.  In  principle,  one  should  average 
over  a  few  cycles  of  the  observed  phenomenon 
in  order  to  be  able  to  define  the  time  mean  state. 

An  often  used  alternative  form  for  the  pro¬ 
duction  of  zonal  kinetic  energy  at  the  cost  of 
the  eddy  kinetic  energy  C{Ke  x,  KM  r)  is  the 
following: 


C-{Ke.  r,  Ku. ,)  -  C{Kt.  „  Ku. ,)  +  W,  (K*. ,) 


?[tw]gCOB  £ 

— — - dm 

OCOS 


-  fmSsk*.. 

J  <>P 


Since  WC{KM  z)  evidently  represents  an  inter¬ 
action  term  at  the  boundaries,  we  prefer  the 
earlier  mentioned  form  for  the  conversion  where 
one  splits  off  the  contribution  of  Wj^Kit .*)■ 
Thus,  we  shall  continue  to  use  the  expression 
C(KE  j,  Km  *)  for  the  conversion.  For  the  entire 
atmosphere  the  boundary  term  vanishes  and 
C(Ke  t.  Km,  t)  m  C'(l*s,  f  K* *,  *)• 

In  Table  1  one  finds  the  estimated  terms  in 
equation  (1).  The  valuee  presented  in  this  table 
permit  us  to  make  the  following  remarks: 

(a)  The  action  of  horizontal  eddies,  both 
transient  and  standing,  is  throughout  the  year 
a  significant  source  for  the  zonal  kinetic  energy 
at  the  expense  of  the  eddy  kinetic  energy.  In  all 
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Tab:L£  1 .  Zonal  kinetit.  energy  balance  for  10(130  mb  layer  {northern  hemisphere). 

Units:  10s*  org  me-*,  except  for  and  Kg.  t.e.  » trsasisuat  eddy  eonUibutien;  *  e.  "  standing  eddy  e««. 
tribuUou, 

X  •«  July- September  18-57;  U  «  Oeteb*^- December  1057;  111  •=>  January -March  1958;  IV -*  Aprik-June 
1958;  V  -  July  1967  -June  1958. 


I 

II 

m 

IV 

V  (yoar) 

C  {Kg'#  ifjf.j)  horizontal  port 

C  j,  K#  ,)  vertical  part 

**'«  (Ku.  r>  Bt  equatorial  wall 

Wt  (X*  t)  at  top  and  bottom 
boundaries 

£<**.*) 

worrcetic" 

ft.® 

fc 

9.0 

4.6 

-0.2 

0.5 

(-S)4 

-0.4 

-0.4 

i-2f 

9.2 

29.8 

14.1 

1.7 

0.9 

i<> 

—  0.3 

-  1.2 

(-6) 

-28.5 

6.8 

24.2 

4.1 

2.4 

( -  298) 

0.5 

-6.4 

(41 

12.6 

14.7 

3.2 

3.2 

0.0 

(  -  214) 

0.2 
-  1.1 

(“4} 

-0.4 

16,1 

3.6 

1.9 

0.4 

(-94) 

0.1 
-  1.4 

(-4) 

0.2 

(Units:  id11  erg) 

6.45 

8.44 

12.66 

3.74 

4.10 

ir 

ft.e. 

3.20 

6.01 

5.96 

5.17 

4.69 

w*. 

1.40 

1.80 

1.96 

0.61 

1.27 

4  Numbers  in  parentheses  urn  considered  to  bo  uncertain  since  they  involve  mean  meridional  circula¬ 
tions,  which  are  difficult  to  measure. 


four  periods  the  direction  of  this  proof**  is  the 
same  and  extracts  energy  from  the  smaller- 
scale  motions  in  favor  of  the  zonal  flow.  This 
indicates  a  “negative”  coefficient-  of  eddy 
viscosity.  The  same  more  familiar  process  domi¬ 
nates  in  the  troposphere  and  is  one  of  the 
most  interesting  phenomena  in  meteorology. 

(6)  The  large-scale  vertical  eddies  tend  to 
increase  the  energy  of  the  zonal  flow,  but  .heir 
action  is  of  minor  importance  since  their  contri¬ 
bution  only  amounts  to  about  10  %  of  the  contri¬ 
bution  of  the  horizontal  eddies  (see  also  Stakr  & 
Dickinson,  1963). 

(c)  On  the  other  hand  one  notices  that  the 
mean  meridional  circulations  give  during  three 
of  the  four  seasons  a  negative  contribution 
through  the  term  C(KM  v,  KM  i).  This  i»  pro¬ 
bably  due  to  the  dominating  indirect  circulation 
in  middle  latitudes.  Stabs  (1959)  computed  the 
same  integral  for  the  atmosphere  of  the  entire 
northern  hemisphere  f  or  the  two  years  1950  and 
1961,  and  found  a  small  negative  value  in  both 
years-  The  present  measurements  give  also  a 
negative  conversion  in  the  100-30  mb  layer, 
but  the  magnitude  appears  to  be  too  large, 
probably  due  to  the  difficult  estimation  of  [0]. 

(d)  The  work  done  by  the  measured  eddy 
stresses  at  the  boundaries  is  negligible.  This  has 


the  implication  that  C{KS  l,  KM  t)  is  approxi¬ 
mately  equal  to  C'(Kk  *,  Ku.  *}  for  the  con¬ 
sidered  volume.  An  independent  calculation  of 
the  two  expressions  confirmed  this  fact. 

(e)  The  seasonal  correction  can  be  neglected 
in  the  balance  for  t  he  year.  For  a  three-months 
period  this  term  gives  a  definite  contribution, 
but  it  does  not  dominate  the  equation.  For  the 
computation  one  needs  the  difference  of  the 
mean  zonal  wind  at  the  first  and  at  the  last  day 
of  the  considered  period.  This  difference  was 
computed  from  the  U.S.  Weather  Bureau 
Stratospheric  Daily  Maps  (1960). 

If  one  assumes  as  the  southern  boundary  a 
vertical  wall  not  at  the  equator  but  one  at  a 
higher  latitude,  the  work  term  Wt(Ku  s)  at 
the  vertical  wall  becomes  important  and  the 
eddy  conversion  C(KS  t,  KM  t)  does  not  contri¬ 
bute  significantly  anymore.  The  Coriolis  term 
C(jfirW  r,  if*  ,)  gives  a  positive  contribution  for 
a  polar  cap  north  of  60°  N,  since  the  mean 
meridional  motions  are  towards  the  north  at 
high  latitudes. 

3.2.  Eddy  kinetic  energy 

In  the  preceding  discussion  we  have  looked 
at  the  energy  in  the  zonal  mean  wind  field.  We 
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Table  2.  Eddy  kinetic  energy  balance  for  100-30  mb  layer  {northern  hemisphere). 


Units:  10“  erg  sec"1,  t.e.  “  transient  eddy  contribution;  s.e.  standing  eddy  contribution. 

I  “  3 uly-Septomber  1957;  ll  ”  October  ■  December  !  93  7 ,  III  January  -March  1958;  IV  -  April  dune  1958; 
V  -  July  1957 -June  1958. 


i 

11 

III 

IV 

V  (year) 

C(HE,  KMf 

ft.e. 

8.8 

31.5 

9.9 

17.9 

18  0 

5.0 

1S.0 

26.0 

3.2 

4.0 

C{Pg,  Kg) 

ft.e. 

~  13.7 

-  12.2 

-  13.1 

-  26.3 

-  16.3 

\s.e. 

0.0 

-  1.4 

-  31.8 

-  8.0 

-  9.2 

Units:  10“  erg 

6.4S 

8.44 

12.86 

3.74 

4.10 

ft.e. 

4.99 

8.25 

9.60 

7.21 

7.25 

js.e. 

1,69 

2.29 

2.94 

0.89 

1.70 

a  In  the  computation  C(KE,  K  u)  is  approximated  by  C(fCE 


observed  the  existence  of  an  important  inter¬ 
action  with  the  eddy  fiold  in  the  sense  of  a 
buildup  of  the  zonal  motion?  at  the  cost  of  the 
eddying  motions.  In  view  of  this,  it  is  worth¬ 
while  to  examine  how  the  eddy  fiold  is  main¬ 
tained.  In  the  case  of  the  eddy  kinetic  energy, 
it  is  not  sufficient  to  consider  only  the  oast— west 
motions.  There  is  also  a  considerable  amount  of 
energy  in  the  eddy  components  of  the  north- 
south  motions:  from  the  present  data  it  appears 
that  KE  v2e  JJv£  z  in  the  lower  stratosphere 
(compare  estimates  in  tables  1  arid  2).  The 
balance  equation  for  the  eddy  kinetic  energy 
is  derived  >n  an  analogous  fashion  as  for  the 
zonal  kinetic  energy-  Thus,  the  zonal  equation 
of  motion  is  multiplied  by  C*  +  u'  and  the  meri¬ 
dional  equation  of  motion  with  v*  -t  v’  these  two 
equations  are  added  together,  next  averaged  in 
time  over  tho  considered  period  and  finally  in¬ 
tegrated  in  spaee  over  the  mass  of  a  polar  cap. 
We  will  write  the  result  in  the  form: 

0  -  -C(Kb.  Ku)  f  C'OV  Ke)  +  D{Ke)  + A{KS ) 
+  WP(KE)  r  We{KE)  i  Seasonal  correction.  (2) 

where: 

Ku  '  i  J {[«]*  +  [»]*}  dm 

and  Ks  =  i  j{  [ul]£  +  [v*]£}  dm. 

Similarly  as  in  the  balance  equation  for  the 
zonal  kinetic  energy  the  “seasonal  correction” 
which  contains  the  time  change  of  the  horizon- 
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tai  wind  components,  is  written  on  the  right 
hand  side  of  the  equation.  According  to  equa¬ 
tion  (2)  there  is  a  balance  between  the  following 
processes: 

(a)  The  conversion  from  eddy  into  zonal 
kinetic  energy  by  horizontal  and  vert  ical  eddies: 

C{Kb,  Km)  j[wv]£  cos  <f,  ---  { -—•-}</»» 

J  ab4>  \eos  <fr/ 

J  bp  J  ae<j, 

f  —  i[v]  j  *  _  — j-  tan  4, 

+  [tov]g — dm-  M|uV  dm. 

J  Sp  J  a 

The  last  three  terms  in  this  expression  can  t>e 
neglected  with  respect  to  the  first  two  terms. 

(b)  Tho  conversion  from  eddy  available  po¬ 
tential  into  eddy  kinetic  energy: 

C(PE,  Ke)  -  -  f [ota]Edm. 


(c)  The  dissipation  of  eddy  kinetic  energy 
due  to  friction: 


c 


r- 


E>(Ke)  -  [t tPxhdm  f  j  [vFyJgdm. 


J 


J 


(d)  The  advection  of  eddy  kinetic  energy 
through  tho  boundaries  by  mean  meridional 
overtumings: 


A{Ke) 


jj 


Ja  +  [ii’jgjdr-- 
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Si 

J*J  It 


lwU>{\us\E  .  iit-zJi} 

lix>  Q 


dxdy 

9 

dxdy 

9 


{(■}  The  change  of  eddy  kinetic  energy  due 
to  the  work  permed  on  the  layer  by  pressure 
forces  at  the  boundaries: 


[vH  \Ldxdf> 

(I 


[«>H)gdxdy 


\ioH\gdxdy. 


(f)  The  change  of  eddy  kinetic  energy  due  to 
the  work  performed  on  the  layer  by  the  mea¬ 
sured  eddy  stresses  at  the  boundaries: 


WAKe)  -  j  j  f  [t>* 

J  J  4>  o 


V'  ] 


cT*  %  t**  ,2*.-,*  » 

-r  [v  i(u  :  V  )])</.£  -  • 

y 

~  I  j  {  {  u*  u'o)  '*  ]  f  [  v*  V 

J  J  loo  rrib 

y 

+  j  j  {[aVo»'*]  +  [v*t>v*] 

J  J  W  mb 

-iC«u»i (?•  +  ?*•>]} 


(g)  The  “seasonal  correction”: 


The  values  of  the  measured  terms  in  this 
equation  are  given  in  Table  2.  The  conversion 
from  eddy  to  zonal  kinetic  energy  C(KE,  KM)  is 
for  all  practical  purposes  equal  to  the  integral 
C(Kb  i.  Km  x),  which  was  discussed  in  section 
3.1.  Thus,  eddy  kinetic  energy  is  converted 
into  zonal  kinetic  energy.  The  dissipation  of 
eddy  kinetic  energy'  I){KE)  is  analogous  to  the 
dissipation  of  zonal  kinetic  energy'  by  friction 
(section  3.1).  It  contains  the  effects  of  (1)  below 
grid -size  eddies  inside  the  volume,  which  pro¬ 
bably  destroy  kinetic  energy,  and  (2)  eddy 


stresses  at  the  boundaries  by  a  similar  scale  of 
motions,  which  could  conceivably'  contribute 
JJositively  to  the  eddy  kinetic  energy  balance. 
The  conclusion  is  that  one  cannot  aay  before¬ 
hand  what  sign  L>(KE)  should  have.  '11m  inter¬ 
action  between  the  motions  in  the  lower  strato¬ 
sphere  and  in  the  surrounding  layers  of  the 
atmosphere  gives  rise  to  three  forms  of  boundary 
terms:  ( 1)  the  ailvection  of  KF  by  mean  motions: 
A(KS).  (2)  the  work  done  by  pressure  forces  at 
the  boundaries:  Wp(KE),  anil  (3)  the  work  done 
by  the  measured  eddy  stresses  at  the  boundaries: 

These  interaction  terras  only  redistri¬ 
bute  the  energy'.  Therefore,  a  gam  of  a  certain 
amount  of  eddy  kinetic  energy  by  the  layer  must 
lie  accompanied  by  an  equal  loss  of  eddy  kinetic 
energy'  by  the  surrounding  atmosphere. 

The  term  C(/*e.  KE)  apparently'  represents  in 
the  (x,  y ,  p)  coordinate  system  the  important 
conversion  process  from  eddy  potential  into  eddy 
kinetic  energy  by  convection.  It  forme  the  con¬ 
necting  link  between  on  one  side  the  eddy  pot¬ 
ential  and  internal  energy  and  on  the  other 
side  the  eddy  kinetic  energy.  In.  the  troposphere 
this  conversion  is  largo  and  positive.  It  supplies 
the  kinetic  energy  for  the  eddies  and,  through 
the  interaction  of  the  eddies  with  the  mean 
flow,  also  the  kinetic  energy  for  the  zonal  cur¬ 
rents.  The  transformation  process  is  often  visu¬ 
alized  as  the  rising  of  warm  air  masses  and  the 
sinking  of  cold  air  masses,  but  this  does  not 
necessarily  repi  caent  the  complete  picture.  It  is 
more  correct,  as  was  pointed  out  by  Starr,  to 
aay  that  the  warmer  air  has  a  systematic  ten¬ 
dency  to  lie  correlated  with  motions  towards 
lower  pressure  (a><0)  in  the  troposphere  and 
colder  air  with  motions  towards  higher  pres¬ 
sure  (fo  >  0).  This  description  of  the  energy  con¬ 
version  leaves  the  possibility  open  that  the 
process  occurs  for  an  important  part  horizon¬ 
tally  and  not  predominantly  in  the  vertical 
direction  as  is  implied  by  the  terms  “rising" 
and  “sinking”.  In  the  present  study  vertical 
motions  computed  according  to  the  “adia¬ 
batic”  method  (i.e.  from  the  first  law  of  ther¬ 
modynamics  negloeting  diabatic  heating),  are 
used  in  the  evaluation  of  C{PE,  Ke).  It  would 
be  better  to  include  here  the  effects  of  dia¬ 
batic  heating,  but  this  is  not  yet  possible 
since  heating  rates  are  not  known  on  a  day  to 
day  basis.  Wiin-Nielskn  (1959)  has  estimated 
that  the  influence  of  a  reasonable  mean  heating 
pattern  could  not  be  neglected  in  the  standing 
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eddy  contribution  to  C{PB,  Ks).  However,  we 
expect,  that  the  inclusion  of  heating  will  not 
substantially  alter  the  more  important  contri¬ 
bution  of  the  transient  eddies.  Most  other 
hemispheric  computations  of  the  conversion 
term  (see  e.g.  Jensen  (1961)  who  used  “adia¬ 
batic"  vertical  velocities,  or  With -Nielsen 
<1969)  and  Saltzman  <fc  Fusiskeb  (1960,  1961) 
who  used  vertical  motions  from  the  to -equation) 
suffer  also  from  the  deficiency  that  diabatic 
heating  is  neglected.  Holofainen  (1963)  has 
argued  that  especially  “adiabatic"  vertical 
velocities  would  lead  to  bad  results  for  the  con¬ 
version  rate.  This  is  only  true  if  one  keeps  the 
static  stability  in  the  denominator  of  the  ex¬ 
pression  for  the  vertical  velocity  constant. 
Therefore,  great  care  has  been  taken  to  retain 
the  variability  of  the  static  stability.  The  as¬ 
sumption  of  a  constant  static  stability  would 
change  the  meaning  of  the  conversion  integral. 
To  avoid  other  difficulties,  ®sly  actual  wind 
data  have  been  used  in  ail  computations.  Eddy 
<  1963)  used  a  direct  approach  in  the  calculation 
of  C(PK,  Ke).  He  computed  vertical  velocities 
from  the  smoothed  divergence  field  of  the  wind, 
and  correlated  them  with  simultaneous  tempe¬ 
ratures  for  a  limited  time  period  over  North 
America.  Eddy’s  results  agree  with  those  of 
Jensen  and  support  the  “adiabatic”  method. 

The  computed  values  of  G(PS,  Ke)  in  our 
layer  in  the  lower  stratosphere  are  shown  in 
Table  2,  During  all  seasons  a  conversion  from 
eddy  kinetic  into  eddy  potential  energy  takes 
place;  this  is  in  a  direction  opposite  to  the  one 
usually  found  in  the  troposphere  (see  also 
White  &  Nolan,  1960). 

For  the  January- March  period  the  standing 
eddy  contribution  is  larger  than  the  transient 
eddy  contribution  both  in  C{KB,  Ku)  and  in 
CiPg,  Kg).  In  all  other  periods  the  transient 
eddies  play  a  more  important  role. 


Source  of  energy  for  the  eddy  motions  in  the 
lower  stratosphere 

The  measurements  show  clearly  that  through¬ 
out  the  year:  (!)  the  eddies  lose  kinetic  energy 
to  the  mean  flow,  and  (2)  the  eddies  convert  part 
of  their  kinetic  energy  into  potential  energy. 
Since  the  seasonal  correction  is  not  of  much 
importance,  unavoidably  the  conclusion  must 
be  drawn  that  the  lower  stratosphere  receives 
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its  kinetic  energy  from  the  surrounding  atmo¬ 
sphere  and  is  consequently  forced.  The  forcing 
presumably  takes  place  at  the  bottom  boundary, 
i.e.  at  100  mb  in  this  ease,  through  the  work 
done  by  pressure  forces  and/or  eddy  stresses.1 

White  (1954)  discovered  that  there  occurs  in 
the  lower  stratosphere  a  countergradient  eddy 
flux  of  heat.  This  abnormal  heat  transport  was 
found  in  our  data  during  all  seasons;  only  in 
winter  at  30  mb  a  downgradient  heat  flux  was 
observed,  which  probably  indicates  that  the 
top  of  the  abnormal  layer  is  lower  in  the  winter 
season  (Oort,  1963).  Also  this  process  can  only 
be  explained  if  the  eddies  in  the  lower  strato¬ 
sphere  are  forced  to  act  as  a  refrigerating 
mechanism  causing  heat  to  flow  from  a  cold 
region  at  low  latitudes  to  a  warm  one  at  high 
latitudes.  Therefore,  by  two  independent 
methods  the  phenomenon  of  the  necessary  for¬ 
cing  has  been  shown  to  bo  present. 

From  the  available  data  the  interaction  in  the 
vertical  direction  could  be  determined  at  the  75 
and  40  mb  levels.  It  enabled  us  to  estimate  the 
work  done  by  eddy  stresses  and  pressure  forces 
at  the  top  and  bottom  boundaries  (see  Table  3). 
This  work  is  given  by  the  terms: 

Wc{Km)  +  wakb)  --iff  mTe 

J  J  100  md  9 


and 


w,(Kk) 


f  f  [«*': 

J  J  somb 


]Bdxdy 


[wH'\Bdxdy 


[wH]Edxdy . 


The  first  term  was  not  separated  into  the  contri¬ 
bution  from  the  balance  of  zonal  kinetic  energy, 
Wf(KM),  and  from  the  balance  of  eddy  kinetic 
energy,  WAKB).  Still,  the  numbers  will  give  us 
an  idea  of  the  magnitude  of  the  measured  inter¬ 
action  at  the  boundaries  and  may  be  compared 
with  the  deficit  in  the  balance  of  the  eddy 
kinetic  energy.  Table  3  shows,  generally,  an  up¬ 
ward  transport  of  energy  at  76  mb.  All  oddy 
terms  added  together  amount  to  about  -3  * 
10“  erg  sec  -1  for  the  year.  Only  during  July- 

1  The  adveetion  by  mean  motions  is  probably 
email. 
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Table  3,  Estimates  of  interaction  terms  at  the  boundaries,  computed  with  the  aid  of  adiabatic 

vertical  velocities. 

Units:  I0‘*  erg  sec”1. 


I  «*  July-September  1957;  II  *  October- December  1957;  III  —  January-Maroh  1958;  IV  “April— June 
1958;  V  “July  1957- June  1958. 


l 

II 

m 

IV 

V  (year) 

i 

175  mb 
(40  tab 

0.7“ 

-1.8“ 

5.0 

-0,2 

-0.0 

-0.S 

-0.!“ 

j  j  faff  isdxdy 

f75  mb 
(40  mb 

J.O 

-2.6 

-  11.1 
— 1.3 

-3.5 

0.8 

—  2.7 

“  Only  contribution  due  to  transient  eddies  included. 


September  is  there  a  small  downward  transport. 
The  transports  around  40  mb  appear  to  be 
small.  If  one  compares  the  annual  mean  trans¬ 
port  at  75  mb  with  the  amount  48  x  10“  erg 
see-1  which  is  needed  in  order  to  give  a  balance 
for  the  eddy  kinetic  energy  for  the  year,  a  large 
discrepancy  is  in  evidence.  This  discrepancy 
could  arise  due  to  the  fact  that  the  vertical 
eddy  transport  was  measured  at  75  mb  and 
not  at  100  mb.  Hansrote  &  Lambert  <1960) 
found,  for  example,  for  one  month  of  datA  at 
150  mb  a  much  larger  value  for  the  vertical  eddy 
transport  of  energy  than  we  measured  at  75  mb. 
Another  solution  to  the  difference  between  the 
balance  requirements  and  the  values  in 
table  3  could  be  that  meso-  and/or  micro-scale 
eddies  transport  considerable  amounts  of  eddy 
kinetic  energy  from  the  troposphere  into  the 
lower  stratosphere.  The  eddies  which  we  measure 
with  the  adiabatic  method,  have  a  time  scale  of 
over  one  day  and  it  appears  possible  that  eddies 
with  shorter  time  scales  accomplish  an  impor¬ 
tant  part  of  the  vertical  transport  of  this 
energy. 

3.3.  Zonal  available  potential  energy 

In  general  circulation  studies  it  is  often  con¬ 
venient  to  deal  with  the  sum  of  the  potential 
and  internal  enorgy,  since  for  a  vertical  column 
extending  throughout  the  depth  of  the  atmo¬ 
sphere  the  two  forms  of  energy  are  proportional 
by  the  factor  R/c„.  Only  a  small  part  of  the 
potential  and  internal  energy  is  really  available 
for  conversion  into  kinetic  energy.  One  may 
consider  the  difference  between  the  actual  total 
potential  plus  internal  energy  and  the  potential 


plus  internal  energy  if  the  mass  were  redistri¬ 
buted  adiabatically  in  such  a  way  that  the  iso¬ 
thermal  surfaces  would  be  parallel  to  the  iso- 
baric  levels,  as  a  measure  of  the  '‘available 
potential  energy”  (Lorenz,  1956).  To  the  ap¬ 
proximation  that  the  pressure  surfaces  are 
horizontal,  this  is  a  good  definition  for  the 
energy  available  for  conversion  into  kinetic 
energy. 

In  the  case  of  the  kinetic  energy,  we  con¬ 
sidered  eddy  and  zonal  kinetic  energy  separa¬ 
tely.  It  will  be  of  advantage  to  make  a  similar 
division  for  the  available  potential  energy.  In 
the  case  of  a  strictly  zonal  symmetric  distribu¬ 
tion  of  temperature,  no  eddy  available  potential 
energy  is  present  and  it  is  necessary  to  disturb 
first  the  zonal  symmetry  in  order  to  make 
potential  energy  available  for  conversion  into 
eddy  kinetic  energy.  Once  the  zonal  symmetry 
is  distorted,  the  eddy  heat  fluxes  can  redistri¬ 
bute  the  available  potential  energy  between 
the  zonal  and  the  eddy  forms.  The  early  studies 
of  Margguss  (1903)  concerning  the  potential 
energy  of  a  fixed  atmospheric  volume  were 
extended  by  Lorenz  (1955).  In  his  paper 
Lorenz  gives  an  analysis  of  the  concepts  of 
zonal  and  eddy  available  potential  energy.  In 
Lorenz’  formulation  available  potential  energy 
is  approximated  by  the  variance  of  potential 
temperature  on  a  constant  pressure  level, 
weighted  by  a  factor  containing  the  hemispheric 
average  of  the  static  stability.  Difficulties  come 
up  if  one  tries  to  derive  the  balance  equations 
for  the  zonal  and  eddy  available  potential 
energy.  Aside  from  the  terms  which  represent 
the  expected  energy  transformations,  extra 
terms  enter  into  the  balance  equations.  These 
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terms  cannot  be  reduced  to  boundary  integrate 
and  therefore  represent  some  kind  of  trans¬ 
formation  of  energy.  They  depend  mainly 
upon  the  variation  of  the  mean  static  stability 
with  pressure  and  are  probably  caused  by  the 
approximations  made  in  deriving  the  expres¬ 
sions  for  the  available  potential  energy.  It  is 
not  possible  here  to  go  into  further  detail  since 
this  would  require  an  extensive  theoretical  study 
in  itself.  Despite  the  above  mentioned  diffi¬ 
culties,  we  shall  use  the  formulae  derived  by 
Lorenz.  Terms  involving  the  vertical  deriva¬ 
tives  of  measures  of  the  mean  static  stability 
are  left  out  and  are  thus  explicitly  assumed  to 
bo  small.  Neither  shall  we  include  boundary 
terms  in  the  discussion  of  the  balance  equations. 

One  can  derive  the  balance  equation  for  the 
zonal  available  potential  energy  from  the  first 
law  of  thermodynamics  in  the  form: 


86 
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a  costal 
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In  this  equation  Q  is  the  diabatic  heating  rate, 
which  is  equal  to  the  sum  of  the  frictional 
heating  and  the  radiational  flux  convergence. 
Effects  of  condensation  and  evaporation  may 
bo  neglected  in  the  stratosphere.  Equation  (3) 
is  multiplied  by  P(p)[5.T,  where: 
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a  stability  parameter.  The  resulting  equation  is 
averaged  in  time  over  the  considered  period 
and  next  integrated  in  space  over  a  stratospheric 
polar  cap.  Triple  correlat  ions  are  neglected.  By 
using  the  oquation  of  continuity  and  the  ideal 
gas  law,  the  balance  equation  for  the  zonal 
available  potential  energy  may  bo  derived  in 
the  form: 


0  -  -CUV  -C(P* „  Km)  +  CUV 

+  Seasonal  correction  (  <  Boundary  terms). 

(4) 

IT)"' 


Here: 


ha 

T(Vd-y) 

\T*h 


rE-ha 


and 


J- 

*  4 


dm. 


T(yd~f) 

Equation  (4)  expresses  that  there  should  be  an 
approximate  balance  between: 

(o)  The  conversion  from  zonal  into  eddy 
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available  potential  energy  by  horizontal  or 
vertical  eddy  processes: 
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The  conversion  C(PW,  Pg)  depends  upon  the 
transport  of  sensible  heat  along  the  gradient  of 
temperature.  Thus  C(PW,  Pfi)  may  be  compared 
with  the  conversion  from  eddy  to  zonal  kinetic 
energy  C(KF,  KM),  which  depends  upon  the 
transport  of  angular  momentum  along  the 
gradient  of  angular  velocity.  If  the  eddies  trans¬ 
port  heat  down  the  temperature  gradient,  zonal 
available  potential  energy  is  converted  into 
eddy  available  potential  energy. 

(6)  The  direct  conversion  from  zonal  potential 
energy  into  zonal  kinetic  energy  by  mean  meri¬ 
dional  circulations: 

C(P„,  Km)  - 


(c)  I  Tie  generation  of  zonal  available  potential 
energy  by  diabatic  heating: 
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(d)  The  “seasonal  correction”: 
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A  similar  term  arising  in  the  zonal  kinetic- 
energy  balance  was  discussed  before  in  section 
3.1. 

A  qualitative  argument  can  be  given  regard¬ 
ing  the  sign  of  the  generation  term  G(PU).  In 
the  troposphere,  low  latitudes  where  the  tem¬ 
peratures  are  high,  arc  heated  by  the  surplus  of 
incoming,  short  wave  over  outgoing,  long  wave 
radiation  and  high  latitudes  where  lower  tem¬ 
peratures  prevail,  are  cooled  relatively.  This 
action  results  in  a  large  positive  value  of  the 

hemispheric  covariance  [T]“[Q}“  and  conse¬ 
quently  in  a  large  generation  of  zonal  available 
potential  onorgy.  The  presented  picture  applies 
well  to  the  generation  integrated  over  the  entire 
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Flo.  1.  Comparison  of  the  temperature  distribution 
with  height  at  the  equator  and  at  70°  N.  The 
tropospheric  data  are  taken  from  Pkixoto  (1960) 
for  tho  year  1960;  the  stratospheric  data  are  for  the 
year  July  1957-June  1956. 

atmosphere,  but  if  one  considers  the  lower 
stratosphere  alone,  the  picture  is  not  correct. 
Here,  the  temperature  distribution  has  a  maxi¬ 
mum  in  high  latitudes  in  winter  and  this  maxi¬ 
mum  shifts  even  to  polar  latitudes  during  the 
summer  season.  In  Fig.  1  curves  are  plotted  of 
the  temperature  distribution  with  height  at 
the  equator  and  at  70"  N.  If  one  assumes  that 
there  is  an  excess  of  absorbed  over  emitted 
radiation  at  all  levels  at  low  latitudes,  and  a 


deficit  at  high  latitudes,  then  it  is  clear  that 
radiation  tends  to  increase  the  meridional  tem- 
I>erature  gradient  from  the  ground  up  to  12  km 
and  above  24  km.  However,  radiation  tends  to 
decrease  the  meridional  temperature  gradient 
in  a  layer  around  16  km  height  (see  also  Bo- 
vn.i.K,  196  i).  11518  layer  contains  our  volume 
between  100  and  30  mb  and  it  can  be  con¬ 
cluded  that  for  the  lower  stratosphere  0(PM)  <  0. 

We  shall  compute  C(PM,PB )  for  the  100  -30 
mb  layer  and  determine  to  what  degree  this 
conversion  can  balance  the  destruction  of  zonal 
available  potential  energy  by  radiation.  The 
results  are  shown  in  Table  4.  The  seasonal  cor¬ 
rection  was  computed  with  the  aid  of  tempera¬ 
tures  which  were  read  off  the  U.S.  Weather 
Bureau  Stratospheric  Daily  Maps  (1960).  Eddy 
available  potential  energy  is  converted  into 
zonal  available  potential  energy  throughout  the 
year,  as  might  be  anticipated  from  the  counter¬ 
gradient  heat  transport  (White,  1954;  Oobt, 
1963).  The  effect  of  the  standing  eddies  is  about 
1/2  to  1/3  of  the  effect-  of  the  transient  eddies. 
The  vertical  eddies,  expressed  in  the  vertical 
part  of  C(PU,  PK),  give  a  slight  negative  contri¬ 
bution,  but  they  are  unimportant  compared 
with  the  horizontal  eddies. 

The  generation  of  zonal  available  potential 
energy  due  to  the  radiation  flux  convergence 
can  be  calculated  directly  from  radiation 
estimates  combined  with  our  measured  tem¬ 
peratures.  We  used  the  net  cooling  rates,  ob¬ 
tained  by  Davis  (1963),  and  computed  for  the 
rate  of  generation: 


Table  4.  Zonal  available  potential  energy  balance  for  100-30  mb  layer  {northern  hemisphere). 

Units:  10’*  erg  Bee'1,  t.e.  -  transient  eddy  contribution;  s.e.  -  standing  eddy  contribution. 

I  «  Juiy-8epternber  1957;  II  -  October- December  1957;  III  -  January -March  1958;  IV  ~  Aprii-June 
1958;  V  -  July  1967-June  1958. 


i 

II 

III 

IV 

V  (year) 

0{PM,  PB)  horizontal  part 

t,e. 

-26.0 

-35.6 

-42.0 

-37.1 

-36.6 

s.e. 

-  11.8 

-14.1 

-11.5 

-25.5 

-  15.9 

C  {Pff,  Pc)  vertical  part 
“Seasonal  correction” 

t.e,  +  s.e. 

-  1.9 

0.4 

-7.6 

-5.2 

-1.6 

18.8 

4.2 

-21.3 

-8.1 

— 

Units  10”  erg 

Pu 

26.4 

18.2 

26.7 

30.2 

23.6 

/t.e. 

3.30 

4.83 

7.31 

3.99 

4.86 

(s.e. 

1.74 

2.39 

3.01 

1.27 

2.10 
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JuL-Sep*.  1957  Oet.~Dec.  1957  Ju.  M ar.  1958  Apr.  Jon.  1958  Year 

-221  -187  -891  -830  -187 

Unite:  10**  erg  sec'* 


The  radiation  estimates  used  by,  for  example, 
Muboayboyd  Jt  SiwaucTOK  (1961),  would  give 
even  larger  destruction  rates  for  the  year: 
G{Pm)  —  -4.8  *  10**  erg  aec:.  The  three -monthly 
mean  vertical  motions  which  are  computed  by 
the  adiabatic  method,  are  not  appropriate  to 
estimate  the  contribution  of  the  team  C(PM,  KM), 
«mw  diahatic  influences  may  alter  dww  mean 
vertical  motions  significantly.  Other  investiga¬ 
tors,  as,  e.g.,  Bsbd  ei  al.  (1983),  find  evidence 
of  &  conversion  from  zonal  kinetic  to  zonal 
potential  energy  in  the  lower  stratosphere  baaed 
upon  data  for  a  two  week  period.  The  discre¬ 
pancy  between  the  large  destruction  of  Pu  by 
radiation  and  the  insufficient  creation  by  the 
eddies,  tends  to  support  an  additional  conver¬ 
sion  from  Ky  to  Pu  through  the  mean  meridional 
circulations.  On  the  other  hand,  the  radiation 
estimates  are  still  quite  uncertain  and  this  could 
also  be  the  dominant  factor  in  the  discrepancy. 

There  is  evidence  of  a  seasonal  variation  of 
the  zonal  and  eddy  available  potential  energy 
in  Table  4.  The  zonal  available  potential  energy 
reaches  a  maximum  in  summer  around  April 
June,  and  a  minimum  in  the  winter  period 
October-  December.The  zonal  kinetic  energy  (see 
Table  1)  showed  on  the  other  hand  a  maximum 
value  in  winter  and  a  minimum  in  summer. 
Both  the  eddy  kinetic  (Table  2)  and  the  eddy 
available  potential  energy  (Table  4)  reach  a 
maximum  in  the  winter  season. 


8.4.  KdDY  AVAILABLY  POTENTIAL  XMKKOY 

With  the  same  sort  of  approximations  used 
in  deriving  the  zonal  balance  equation,  one 
can  derive  the  balance  for  the  eddy  component. 
The  Brat  law  of  thermodynamics  (3)  is  multi¬ 
plied  by  P(p)(5*  +  O'),  where  f’{p)  is  the  same 
stability  parameter  as  the  one  used  in  the  de¬ 
rivation  of  the  balance  of  zonal  available  po¬ 
tential  energy.  Next  the  equation  is  averaged 
in  time  and  then  integrated  in  space,  resulting 
in  the  balance  equation  for  the  eddy  available 
potential  energy  for  a  polar  cap: 

0  -C(Py,Ps)  - C(PS ,  Kg)  +  G{Pe) 

+  Seasonal  correction  (  +  Boundary  terms). 

(5) 


In  sections  3.2  and  3.3  we  considered  C(PU,  PE) 
and  C{Pg,  KB)  in  detail.  The  estimated  values 
are  repeated  in  Table  5.  It  seems  that  the  eddies 
lose  more  of  their  potential  energy  in  building 
up  the  zonal  energy  than  they  gain  by  “nega¬ 
tive”  convection  from  their  kinetic  energy. 

The  rate  of  generation  of  eddy  available  po¬ 
tential  energy  by  diabatic  heating  is  given  by 


0(PB)  -*■ 


ffa-f) 


Tabus  5.  Eddy  available  potential  energy  balance  for  100-30  mb  layer  ( northern  hemisphere). 


Units:  10“  erg  sec-1,  t.e.  ~  transient  eddy  contribution;  s.e.  =  standing  eddy  contribution. 

I  -  July-Septeinber  1967;  II  -  October- December  1957;  III  -  January-Mtu-ch  1958;  IV  -  April-June 
1958;  V  -  July  1967-June  1958. 


i 

II 

m 

IV 

V  (year) 

C  {Pu,  Pw)  horizontal  part 

t.e. 

-28.8 

-35.6 

-42.0 

-37,1 

-35.6 

B.6. 

-  11.8 

-  14.1 

-  11.6 

-25-5 

-  15.9 

C  (PM,  Ps)  vertical  part 

t.e  +  a.e. 

-1.9 

-7.6 

-5.2 

-1.6 

C  (i* j>.  Kg) 

t.e. 

-  13,7 

-12.2 

-  13.1 

-28.3 

-  16.3 

*.e. 

-6.0 

-1.4 

-31.8 

-8.0 

-9.2 
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Very  little  is  known  about  the  magnitude  of 
this  generation.  Even  the  sign  of  0{P£)  is  un¬ 
certain  and  cannot  be  inferred  through  a  simple 
reasoning  similar  to  the  one  used  for  0{PH).  In 
the  case  of  the  troposphere,  the  studies  of 
Wiin-Nieiskn  &  Brown  (1960),  Brown  (1963) 
and  Krueger,  Winston  A  Haines  (1963)  all 
indicate  an  eddy  destruction  of  available  po¬ 
tential  energy  probably  due  to  the  tendency 
of  warmer  air  masses  to  be  cooled  and  colder  air 
masses  to  be  heated. 

Godson  (1980)  and  other  investigators  have 
found  a  high  positive  correlation  between  the 
temperature  in  the  lower  stratosphere  and  the 
amount  of  total  ozone.  Let  ua  assume  that  under 
certain  circumstances  a  high  concentration  of 
ozone  is  present,  in  the  100-30  mb  layer,  then 
more  short  wave  radiation  will  be  absorbed  in 
this  layer.  The  effect  will  bo  equivalent  to  an 
extra  heating  of  warm  air  and,  consequently,  a 
creation  of  eddy  available  potential  energy 
S{PE),  if  in  the  layer  the  heating  is  determined 
mainly  by  the  absorption  of  short  wave  radia¬ 
tion  by  ozone;  this  is  certainly  true  at  about 
20  km  and  even  more  so  at  greater  heights 
(see  e.g.  Manabe  &  Molleh,  1961).  A  creation 
of  odd./  available  potential  energy  between  100 
and  30  mb  is  supported  by  our  measurements 
provided  that  the  boundary  terms  in  equation 
(5)  art,  not  very  important. 

4.  The  energy  cycle 

In  the  first  part  of  this  chapter  we  shall  give 
a  short  description  of  the  energy  cycle  as  it  is 
observed  in  the  troposphere.  Since  the  tropo¬ 
sphere  contains  about  8/10  of  the  total  atmo¬ 
spheric  mass,  this  picture  will  be  representative 
also  for  the  cycle  in  the  entire  atmosphere.  In 
section  4.2  we  shall  present  the  very  different 
picture  of  the  energy  cycle  of  a  layer  in  the 
lower  stratosphere  which  was  determined  in  the 
present  study.  Finally  the  contributions  of  dif¬ 
ferent  layers  in  troposphere  and  stratosphere 
will  be  compared  in  section  4.3. 

4.1.  Energy  cycle  for  the  troposphere 

At  low  Latitudes  the  earth-atmosphere  system 
gains  more  energy  per  unit  area  by  the  absorp¬ 
tion  of  short  wave  radiation  from  the  sun  than 
it  looses  to  space  by  the  emission  of  long  wave 
radiation;  the  reverse  is  true  at  high  latitudes. 
Due  to  the  excess  of  incoming  over  outgoing 


radiation  at  low  latitudes  and  the  deficit  at 
high  latitudes,  a  meridional  temperature  gra¬ 
dient  is  created  in  the  troposphere  (this  is  equi¬ 
valent  to  a  creation  of  zonal  available  poten¬ 
tial  energy).  The  zonal  currents  resulting  from 
the  meridional  temperature  gradient  are  un¬ 
stable  for  certain  barocliitic  wave  disturbances. 
Maximum  instability  ia  found  at  about  the  wave¬ 
length  of  typical  cyclones  and  anticyclones, 
'these  eddy  circulations  (“oddise”)  cause  an 
east-west  temperature  gradient  and  thuaconvert 
zonal  into  eddy  available  potential  energy.  As 
the  result  of  vertical  motions  the  eddy  potential 
energy  ia  partly  converted  into  eddy  kinetic 
energy.  The  eddies  appear  to  lose  further  poten¬ 
tial  energy  through  the  combined  action  of  radia¬ 
tion,  condensation,  evaporation  and  heat  fluxes 
near  the  ground.  The  kinetic  energy  of  these 
largo-scale  eddies  is  subject  to  the  probable 
destructive  influence  of  smaller -scale  eddies 
which  transfer  the  kinetic  energy  to  still  smaller 
eddies.  This  cascade  of  the  kinetic  energy  to 
smaller  and  smaller  scales,  results  finally,  at  the 
molecular  scale  in  the  transformation  of  the 
kinetic  energy  into  heat.  A  significant  per¬ 
centage  of  the  Luge-scale  eddy  kinetic  energy 
is  in  this  way  destroyed.  Tile  remaining  part  of 
this  energy  is  converted  up  the  scale  into  kinetic 
energy  for  the  zonal  current  and  maintains  thus 
the  zonal  current  against  the  frictional  dissipa¬ 
tion  of  the  smaller  eddies.  Finally,  the  conver¬ 
sion  of  zonal  potential  into  zonal  kinetic  energy 
brings  us  back  to  the  beginning  of  the  cycle,  i.e., 
the  zonal  available  potential  energy.  This  con¬ 
version  has  been  proved  to  bo  small  and  has 
even  probably  a  negative  value,  i.e.  zonal 
kinetic  energy  ia  converted  into  zonal  potential 
energy. 

Aa  was  pointed  out  by  Saltzman  (1961),  the 
zonal  motions  may  be  conceived  of  as  strong 
free  wheeling  circulations  with  relatively  small 
viscous  damping  or  forcing.1  The  important 
process  cf  the  eddies  supplying  angular  mo¬ 
mentum  for  the  zonal  currents  was  first  sug¬ 
gested  by  Jeffreys  in  1926.  Jeffreys’  ideas  on 
the  angular  momentum  balance  have  been 
extended  to  the  eddy  effects  on  the  zonal  kinetic 
energy,  notably  by  Kuo  (1951),  van  Mieohem 
(1952),  Araeawa  (1953)  and  Starr  (1953). 
Earlier  conoepts  were  based  on  the  hypothesis 
of  the  existence  of  a  direct  mean  meridional 

1  This  result  is  based  upon  the  large  observed 
ratio  of  C(Pg,Ks)  and  C(Kp,KM). 
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Fig.  2.  Energy  flow  diagram  during  the  year  (July 
1957-June  11)58)  for  100-30  mb  layer.  Energy 
transformation  units:  10“  erg  sec-1.  Energy  units: 
10“  erg.  Numbers  in  parentheses  are  balance  re¬ 
quirements  as  inferred  from  other  observations. 
«(/'„)  is  computed  from  rudiation  data  by  Davis 
(ll)0:i). 

circulation.  Starr  realized  as  one  of  the  first  the 
importance  of  Jeffreys’  suggestion.  Through 
years  of  study  of  actual  dat  a  on  a  hemispheric 
scale  at  the  University  of  California  (Los  Ange¬ 
les)  under  Jacob  Bjerknes  anti  principally  at 
the  Massachusetts  Institute  of  Technology  under 
Victor  I*.  Starr,  the  important  role  of  the  eddy 
processes  lias  been  shown  and  thus  the  founda¬ 
tion  has  been  laid  for  the  modern  concepts  on 
the  general  circulation  (sis-  e.g.  .Starr,  1958). 

4.2.  The  energy  cycle  in  the  lower 

STRATOSPHERE 

A  summary  of  the  measured  energy  trans¬ 
formations  anil  the  total  amount  of  each  form 
of  energy  present  is  given  in  a  diagram  (Fig.  2), 
which  was  originally  introduced  by  Lorenz 
(1954).  Small  circles  represent  the  four  forms 
of  energy  K„,  /',  and  KE.  A  lino  connecting 
two  circles  indicates  u  conversion  between  the 
two  forms  of  energy.  The  interaction  with  the 
environment  is  given  by  a  line  connected  with 
the  large  circle  (environment)  which  contains 
the  four  smaller  circles.  The  number  in  each 
circle  represents  the  time-mean  amount  of  the 
specific  form  of  energy  in  units  of  10’*  erg.  The 
conversions  are  labeled  in  units  of  10“  erg  sec-1. 
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Wo  should  always  keep  in  mind  that  wo  are 
dealing  with  a  layer  and  not  with  tho  entire 
atmosphere.  This  implies  that  top  und  bottom 
boundary  effects  cannot  bo  neglected  without 
further  consideration.  In  tho  diagram  the  gene¬ 
ration  Q(P)  and  dissipation  D(K)  will  thus 
contain  these  effocta  at  tho  boundaries. 

It  is  apparent  from  tho  cnorgy  diagram 
(Fig.  2)  that  pressure  forces  and/or  eddy  stresses 
at  tho  top  and  bottom  boundaries  (presumably 
mainly  at  tho  bottom  boundary  with  tho  tro¬ 
posphere)  force  tho  energy-cycle  to  bo  in  a 
direction  more  or  less  opposite  to  the  one  in 
tho  troposphere.1  This  source  of  kinetic  energy 
ultimately  supplies  tho  necessary  balance  for  the 
loss  of  potential  energy  by  radiation.  Tho  direct 
observations  Bhow  the  following  special  foatures 
of  the  circulation  in  the  100-30  mb  layer: 

1.  A  “sinking”  of  warm  air  and  a  “rising”  of 
cold  air,  which  destroys  eddy  kinetic 
energy  and  converts  it  into  eddy  potential 
energy. 

2.  An  eddy  transport  of  heat  ugainst  the 
mean  temperature  gradient,  which  destroys 
eddy  available  potential  energy  ond  con¬ 
verts  it  into  mean  zonal  available  potential 
energy. 

3.  A  destruction  of  zonal  available  |>otential 
energy  by  radiation. 

Indirectly,  the  observations  imply  or  suggest 
hv  neceosary  balance  requirements  that: 

1.  Interaction  with  the  surrounding  atmo¬ 
sphere  is  a  source  rather  than  a  sink  of 
energy  for  the  eddies  anil-  through  the 
eddies  also  for  the  zonal  flow. 

2.  Eddy  available  potential  energy  could  bo 
created  by  radiation. 

The  seasonal  fluctuations  of  the  three- 
monthly  mean  conversion  nnil  generation 
rntes  are  small  and  no  change  in  sign  occurs. 
In  this  connection,  it  is  of  interest  to  look  at 
the  ri-sultsof  Heed,  Wolfe  Sc  Nishimoto  (19(13) 
for  a  14  day  period  during  the  stratospheric 
sudden  warming  of  early  1957.  They  computed 
energy  flow  diagrams  at  50  mb  on  a  day  to  day 

1  In  tho  troposphere,  the  energy  cycle  proceeds 
from  PM,  via  PE  and  KE,  to  Ku,  i.e.  in  a  counter¬ 
clockwise  direction  in  the  diagram:  thus  the  trope- 
spheric  source  of  energy  is  found  in  the  generation  of 
zonal  avs  ilahlo  potential  energy  by  radiation  and  the 
sink  in  tho  destruction  of  kinetic  energy  by  friction. 
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Fius.  3a,  6  and  c.  The  contributions  at  "the  different  latitudes  to  (a)  the  conversion  from  eddy  into 
zonal  kinetic  energy  C(KE,KM),  (ft)  the  conversion  from  zonal  into  eddy  available  potential  energy 
CiPfgtPg)  and  (c)  the  conversion  from  eddy  potential  into  eddy  kinetic  energy  C{P  ^  & E)  by  transient 
eddies  (t.e.)  and  standing  eddiea  (*.«.).  Ail  quantities  are  computed  for  the  100-30  mb  layer  and  for  the 
period  July  19S7~June  1958.  The  values  of  hemispheric  integrals  are  a*  follows: 

l.e.  C(KE,KM)~  16.1  x  10‘«  erg  see-*;  s.e.  C(KS,KM )~  3,6  *  10“  erg  sec"1; 

C{P„,Pf.)  =  -  35.6  x  10“  erg  sec'1;  CiP^Pg)  -  -  1 5.9  x  10“  erg  sec"*; 

C(Pr,  K£)  -  -  16.3  x  10“  erg  *ee-».  C(PS.  Ks)  -  -  9.2  -  10“  erg  sec-*. 


basis  for  the  period  January  25 -February  9, 
1957.  A  marked  difference  was  found  in  the 
energy  cycle  between  the  first  10  days  of  the 
warming  period  and  the  next  5  days.  The  first 
10  days  showed  a  cycle  similar  to  the  one  usually 
found  in  the  troposphere,  while  the  last  period 
of  5  days  might  be  compared  with  our  results 
for  the  three-month  period.  Thus  it  appears 
that  the  energy  fl  >w  in  the  lower  stratosphere 
is  in  an  •‘abnormal”  direction  just  after  the 
sudden  warming  sets  in,  but  returns  iater  to 
its  normal  direction. 

The  contribution  at  the  different  latitudes  to 
the  conversion  integrals  C(Ke,  KM),  C(PU,PE) 
and  C(PE,  Ke)  is  sketched  in  Figs.  3a,  b  and  c. 
The  transient  eddies  contribute  most  effectively 
in  middle  latitudes  to  the  conversion  from  eddy 
potential  and  eddy  kinetic  energy  into,  respec 
lively,  zonal  potential  and  zonal  kinetic  energy. 
The  contribution  from  tho  standing  eddies  is  of 
less  importance.  The  conversion  from  eddy 
potential  into  eddy  kinetic  energy  for  the  100-  30 
mb  layer  has  almost  at  every  latitude  a  negative 
value. 

4.3.  Comparison  tropospkrio  and 

STRATOSPHERIC  CONVERSIONS 

In  order  to  avoid  any  distortion  of  the  picture 
of  energy  conversions  in  the  atmosphere  by  an 
over-emphasis  on  the  stratospheric  processes, 
graphs  (Figs.  4a  and  b)  have  been  prepared  of 
the  transient  eddy  contributions  to  the  total 
integrals  C{KS,  Ku)  and  C(PM,  PE)  of  three 
atmospheric  layers  about  8  km  thick,  i.e.,  (1) 


lower  troposphere  1000-400  mb  (~0-8  km). 
(2)  upper  troposphere  400-100  mb  (  ~8--16  km), 
and  (3)  lower  stratosphere  100-30  mb  (  ~  16-24 
km).  The  data  for  1000-100  mb  have  been  taken 
from  the  studies  by  Buck  (1954)  of  the  wind 
and  by  Peixoto  (i960)  of  the  temperature  con¬ 
ditions  during  the  year  1850.  Our  data  for  tho 
year  July  1957 -June  1958  are  used  for  tho 
100-30  mb  layer.  Lot  us  emphasize  some  im¬ 
portant  properties  of  the  three  layers: 

1.  The  main  contribution  to  the  conversion 
from  zonal  to  eddy  available  potential 
energy  comes  from  the  0-8  km  layer.  From 
8-16  km  and  16-24  km  the  contribution 
is  negative.  The  energy  source  for  the  eddies 
is  therefore  mainly  situated  in  the  lowest 
8  km. 

2.  The  main  part  of  the  conversion  from  eddy 
to  zonal  kinetic  energy  takes  place  in  the 
upper  trojiosphere.  There  is  no  reversal  in 
the  upper  layers. 

3.  The  contribution  of  tho  lower  stratosphere 
to  the  hemispheric  integrals  is  about  10  % 
in  tho  kinetic  energy  and  only  2-3  %  in 
the  (negative)  potential  energy  conversion. 


5.  Some  final  comments 

It.  is  perhaps  good  to  emphasize  that  in 
the  present  paper  we  have  been  interested  in 
the  maintenance  of  the  energy  of  (a)  the  time 
mean  and  zona  l  mean  state  and  ( b )  the  transient 
and  standing  eddies;  this  approach  was  ap- 
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Fun.  4a  and  b.  The  contribution*  at  the  different  latitudes  from  3  layers  about  3  km  thick  to  (a)  the 
eoaventcai  from  eddy  into  zonal  kinetic  energy  C(K s,  K M)  and  (i>)  the  conversion  from  zonal  into 
eddy  available  potential  energy  C{PM,P s).  by  the  horizontal  transient  eddy  processes.  Data  for 
1000-100  mb  are  taken  from  the  studies  by  Bach  (1054)  of  the  wind  and  by  Peixoto  (1940)  of  the 
temperature  conditions  during  the  year  I960.  100-30  mb  data  are  for  year  July  1957  -June  1958: 


Layer  1000-400  mb  (~  0-8  km); 
C(Ks.Km)  -  1.27  x  10**  erg  sec'1; 
C(PM,Pt)  22.9  x  10**  «rg  sec-1. 
Layer  400-100  mb  (~8-16  km): 
CiKfpKf,)  -2.53  x  10**  rrg  see-1: 
CfPx.P,.)  -  -0.66  x  JO"  erg  see-1. 


Layer  100-30  mb  — 16-24  km): 

C{K »  0.20  x  10"  erg  aec'-«; 
C(PM,P£)  -  -0-36  x  10"  erg  nee-1. 


propitiate  because  of  our  method  of  analyzing 
maps  of  seasonal  mean  variables  and  of  their 
covariances  in  time.  If  on  the  other  hand  we 
had  computed  the  terms  in  the  energy  budget 
strictly  on  a  daily  batis,  it  would  have  been 
more  appropriate  to  solve  another  problem, 
namely  the  question  of  how  the  energy  of  (a) 
the  zoually  averaged  state  and  (6)  the  zonal 
inequalities  (eddiee)  are  maintained.  This  was 
the  problem  considered  by  Lorenz  (1965)  and 
iu  this  case  one  should  therefore  use  also  the 
same  expressions  as  in  Lorenz’  paper,  and  not 
the  modified  formulae  as  presented  in  this 
article.  The  numerical  results  for  the  comparable 
transformations  would  presumably  be  some¬ 
what  different. 

The  concept  that  there  are  no  energy  sources 
in  the  lower  stratosphere  itself,  has  been  con 
firmed  by  this  study  and  has  been  put  on  a 
firm  basis.  The  conclusion  must  be  drawn  that 
interaction  at  the  top  and/or  bottom  boundaries 
supplies  the  necessary  kinetic  energy  for  main¬ 
taining  the  eddy  circulations  and  indirectly 
also  the  zonal  flow.  It  is  to  be  expected  that 
the  influx  of  energy  for  the  lower  stratosphere 
occurs  at  the  bottom  boundary,  i.e.,  from  the 
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underlying  troposphere;  this  was  already  sug¬ 
gested  by  Stark  (1960).  The  upward  transport 
does  not  need  to  be  large  compared  with  the 
average  energy  in  the  troposphere  since  tho 
contribution  of  the  lower  stratosphere  to  tho 
energy  transformations  for  tho  entire  atmos¬ 
phere  has  been  shown  to  be  leee  than  10  %. 

From  the  data  at  the  individual  levels  it  ap¬ 
pears  that  the  forced  layer  generally  extends 
from  about  200  to  30  mb;  tho  top  boundary  sinks 
below  30  rob  during  the  winter  season. 

It  is  further  of  interest  to  look  at  an  example 
of  a  probable  forced  regime  of  motion  in  the 
ocean.  It  appoarg  from  a  fairly  large  sample  of 
data  on  the  Gulf  Stream  that  the  meanders  in 
the  surface  layers  of  this  current  draw  their 
energy  neither  from  the  kinetic  energy  of  the 
main  stream  (Webster,  1961)  nor  from  the 
available  potential  energy  connected  with  the 
temperature  gradient  between  the  slope  water 
mid  the  water  of  tho  Sargasso  Sea  (Oort,  1964). 
This  would  imply  again  an  outside  source  of 
energy  for  these  meanders.  It  is  possible  that 
also  the  eddies  in  the  surface  layers  of  the  Gulf 
Stream  are  forced  by  the  circulation  in  the 
lower  atmosphere. 
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ON  ESTIMATES  OF  THE  ATMOSPHERIC  ENERGY  CYCLE 
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ABSTRACT 

Several  estimates  of  the  rate  at  which  the  mean  and  eddy  forma  of  both  kinetic  energy  and  available  potential 
energy  are  generated,  converted,  and  dissipated  In  the  atmosphere  are  compared  in  tabular  form.  From  these  tables 
a  selection  is  made  of  those  values  which  are,  in  the  author’s  opinion,  representative  for  the  yearly  energy  cycle  in 
the  Northern  Hemisphere. 


1.  INTRODUCTION 

In  this  article  a  critical  survey  will  be  given  of  statistics 
obtained  by  several  investigators  for  the  large-scale 
generation,  dissipation,  and  conversion  of  energy  in  the 
atmosphere.  Kinetic  and  available  potential  energy, 
both  subdivided  into  their  mean  and  eddy  (deviations 
from  the  mean)  contributions,  will  be  considered  as  four 
separate  forms  of  energy.  This  formulation  was  intro¬ 
duced  by  Ivorenz  {8]. 

The  discussion  will  be  restricted  to  the  Northern 
Hemisphere.  Only  long  time  averages  (i.e.,  averages  over 
a  period  of  a  year,  a  winter  or  a  summer  half-year)  will 
be  considered ;  this  is  often  &  necessary  condition  for 
obtaining  statistically  significant  values. 

Only  rough  agreement  is  found  among  the  estimates  of 
different  investigators  regarding  the  fundamental  charac¬ 
teristics  of  the  general  circulation.  Therefore,  it  is  of 
interest  to  examine  the  available  material  for  the  energy 
budget,  and  to  attempt  to  construct  from  this  material  a 
quantitative  picture  of  the  energy  cycle. 

2.  POSSIBLE  DEFINITIONS  OF  MEAN  AND  EDDY  FIELDS 

If  one  considers  the  atmosphere,  one  can  distinguish 
among  three  classes  of  eddies,  namely  eddies  in  the  zonal, 
:!»«>  meridional,  and  the  vertical  direction.  We  shall 
consider  only  the  eddies  in  the  zonal  direction  and  also 


‘  For  ♦*  ritauKtlnn  of  tho  caehunaos  totwcdi  the  vertlcftl  mwn  field  Mid  the  vertical 
*  ‘My  ft<*M  uno  Wlin-Nk-lacn  (W|  and  Smngorlnaky  (20). 


the  eddies  in  time.*  Thus,  the  eastward  and  northward 
components  of  the  wind  u  and  v,  and  the  temperature  T 
may  be  written  as  the  sum  of  four  components 

u—  [5] +5*  -f  [«]'  -fit'  • 

*»[F]+-*+[t]'4V 

where  the  brackets  represent  a  zonal  average,  the  star  a 
deviation  from  the  zonal  average,  the  bar  a  time  average, 
and  the  prime  a  deviation  from  the  time  average.  The 
kinetic  and  potential  energy  connected  with  the  four  com¬ 
ponents  will  be  denoted  by,  respectively,  the  subscripts  0, 
1,  2,  and  3.  We  shall  be  interested  mainly  in  three 
methods  of  separating  the  total  kinetic  and  available 
potential  energy  into  their  mean  and  eddy  parts.  I  jet  us 
define  these  methods  as  follows: 

(1)  Space  domain: 

Ku-Kt+K,- |J  (ITOPJrfm 

=  “zonal  kinetic  energy”  in  Lorenz  18]  paper. 

Km=Kx+ i£=ij  fR**i+(t>*,l)  dm 

—  "eddy  kinetic  energy”  in  Lorenz  (8)  paper. 
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/v=i’.+r,  \c,§ZT7ndm 

=  “zonal  Available  potential  energy"  in  liorcnz  (8) 
paper.  (A  double  prime  represents  a  deviation 
from  (be  Area  average  over  a  closed  pressure  surface) 

P.-P.+Ps-J  rf^T5‘lrfm 

="eddy  Available  potential  energy"  in  Lorenz  (8) 
paper. 

(2)  Time  domain : 

Ku=K>+K,--i  |*(5*+P]rfm 

K„= 

Pj»=Po+/*.=g  e,Jy[T”t]<lm 
P,=P,+P,  le,jy(T^)dm 

(3)  Mixed  apnce-time  domain : 

l  j’asp+Pnrf* 

<K.=K,+ K,+ Jl^+^+C^+r^ldm 

0>u=P^\c,  \y\T\"'dm 

#>,=/»,+/’, +/V-  ±c,f  yCT'-h  T»\dm 


tential  energy,  where  k  is  independent  of  pressure  and 
time;  see  e.g.,  the  expression  given  above.  The  numeri¬ 
cal  differences  with  Ijnrens’s  formulae  are  quite  small.) 

In  the  space  domain  mean  kinetic  energy  is  defined  as 
the  kinetic  energy  of  the  zonally  averaged  motion,  in  the 
time  domain  it  is  defined  as  the  kinetic  energy  of  the 
time-mean  motion,  and  in  the  mixed  space-time  domain 
as  the  kinetic  energy  of  the  time-mean  and  zonal-mean 
motion.  What  is  left  of  the  total  kinetic  energy  is  called 
in  cacIi  case  "eddy"  kinetic  energy.  Analogous  definitions 
are  used  in  tho  case  of  mean  and  eddy  available  potential 
energy.  One  should  clearly  distinguish  between  these, 
three  methods,  Bince  it  is  obvious  that  the  values  of  the 
mean  kinetic  and  mean  available  potential  energy  com¬ 
puted  in  the  space  and  time  domain  are  both  larger  than 
those  computed  in  the  mixed  space-time  domain.  On 
the  other  hand,  eddy  kinetic  and  eddy  potential  energy 
computed  in  the  space  and  time  domain  are  smaller  than 
if  they  were  calculated  in  the  mixed  space-time  domain. 
Also,  the  numerical  values  of  the  rate  at  which  mean  or 
eddy  energy  is  generated,  dissipated,  and  transformed, 
are  quite  different  in  the  three  systems.  Knowledge  of 
the  energy  cycle  in  the  space  domain  answers  questions 
concerning  the  maintenance  of  the  zonal-mean  state  and 
the  zonal  eddies.  On  the  other  hand,  a  similar  knowledge 
in  the  time  domain  enables  us  to  consider  the  maintenance 
of  the  time-mean  state  and  the  transient  (in  time)  eddies. 
Finally,  the  energy  cycle  in  tho  mixed  domain  gives  in¬ 
formation  on  how  the  time-  and  zonal-mean  state  and  the 
sum  of  transient  and  standing  eddies  are  maintained. 
The  energy  integrals  for  tho  three  systems  will  be  com: 
pared  in  more  detail  in  the  appendix  of  this  paper.  In 
general,  it  is  difficult  to  decido  which  one  of  the  three  ap¬ 
proaches  iB  preferable.  The  choice  must  depend  more  or 
less  on  tho  information  which  one  desires  to  obtain. 


A!1  integrals  arc  taken  over  the  mass  of  the  entire 
atmosphere.  In  these  expressions 
(”)=arca  average  over  a  closed  pressure  surface, 

(  )"= deviation  from  this  area  average, 
c,=specific  heat  at  constant  pressure,  and 


7 

where 


B  —  potential  temperature,  /f=gas  constant,  and  po= 
1000  mb. 


..  b n  /aey 

(laircnz  used  lit  Hus  case  y——-, r,  —  (  I 

1  C,p\Op/ 


However,  if  one  uses  this  Iasi  expression  for  y,  extra  terms 
will  enter  the  equations  for  the  balance  of  available  po¬ 
tential  energy  aside  from  the  terms  which  represent  tho 
expected  energy  trnnsfornialions.  These  extra  terms 
depend  mainly  upon  the  variation  of  the  mean  (i.c.,  aver¬ 
aged  over  a  closed  pressure  level)  static  stability  with 
pressure.  In  order  to  avoid  these  extra  (and  probably 
meaningless)  terms,  it  appeared  necessary  to  use  from  (lie 

beginning  y  —k  (?)'  in  the  definition  of  available  po¬ 


3.  DATA  AND  METHODS  OF  COMPUTATION 

A  separation  into  three  categories  will  be  made  accord¬ 
ing  to  the  kind  of  data  and  the  methods  of  reduction  used 
in  calculating  tne  energy  integrals  in  tables  1,  2,  3,  and  4. 

(A)  Basic  information  consists  of  the.  observed  values 
of  the  horizontal  wind  components  and  the  temperature. 
Vertical  motions  are  computed  with  the  so-called  adiabatic 
method.  Especially  over  the  ocean  areas  Ibis  method  is 
hampered  by  inadequate  data  coverage.  Principal  in¬ 
vestigators:  V.  P.  Starr,  II.  S.  Bucli,  E.  Holopniucn, 
C.  E.  Jensen,  J.  P.  Pcixoto,  and  It.  M.  While. 

(B)  Basic  information  consists  of  height  data  of’ the 
isnbaric  levels,  which  are  obtained  from  the  objective, 
daily  analyses  by  the  National  Meteorological  (’enter 
(NM(’)  of  the  U.S.  Weather  Bureau.  Vertical  motions 
are  computed  from  a  two-  or  three-level  model  using 
again  only  height,  data;  in  general,  effects  of  heating  and 
friction  arc  neglected.  Method  B  allows  for  daily  esti¬ 
mates  of  winds  over  data-sparse  regions;  furl  tier,  the 
objective  analyst's  me  aided  by  extrapolation  from  sea 
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level  observations  and  also  by  reports  from  recmttmiftaattrc 
aircraft.  A  drawback  of  method  B  is  the  goostrophic 
assumption  wliich  plays  an  essential  role  in  this  approach. 
On  the  other'  hand,  method  B  can  supply  valuable  indirect 
(i.e.,  through  a  model)  information  on,  for  example,  the 
heating  rates  in  the  atmosphere,  and  thereby  also  on  the 
generation  of  available  potential  energy,  where  direct 
information  is  not  yet  available.  Principal  investigators: 
A.  Wiin-Nielsen,  J.  E.  Brown,  B.  Snlt/.man,  A.  Fleisber, 
A.  F.  Krueger,  J.  S.  Winston,  and  D.  Haines. 

((’)  Basic  input  consists  of  the  hydrodynamical  equa¬ 
tions  with  some  necessary  simplifications  and  suitable 
boundary  conditions.  No  actual  data  are  used  at  all. 
In  such  numerical  experiments  one  attempts  among  other 
things  to  approximate  the  essential  features  of  the  general 
circulation  tvs  they  are  determined  under  A  and  B, 
Principal  investigators:  N.  A.  Phillips,  J.  Smagorinaky, 
and  Y.  Mintss. 

Estimates  of  the  terms  in  the  energy  cycle  are  available 
only  in  the  “space”  and  in  the  “mixed  Bpace-time” 
domain.  Most  computations  have  been  carried  out  in 
what  was  called  above  the  space  domain.  In  this  method 
all  integrals  are  computed  on  a  daily  basis,  while  the 
averaging  in  time  occurs  only  as  a  lust  step.  As  far  as  is 
known  to. the  author,  no  extensive  calculations  have  been 
carried  out  in  the  time  domain.  On  the  other  hand, 
some  work  has  been  done  in  the  mixed  space-time  domain. 
In  this  method  the  evaluation  .>f  the  energy  transforma¬ 
tions  is  less  time-consuming  than  in  the  Bpace  or  time 
domain  since  it  is  not  necessary  to  calculate  these  integrals 
for  each  day  separately.  In  the  next  section  we  shall 
present  some  tables  which  give  the  estimates  of  several 
investigators  of  the  energy  integrals  in  the  space  and 
mixed  ?ace-time  domain. 

T1  allowing  symbols  will  be  used: 

K'jt/.AT*— mean,  eddy  kinetic  energy  in  the  space  domain 
pMlPg—mea.n,  eddy  available  potential  energy  in  the 
space  domain 

KWiK#=mean,  eddy  kinetic,  energy  in  the  time  domain 
pWip#=mean,  eddy  available  potential  energy  in  the 
time  domain 

9(n,9( eddy  kinetic  energy  in  the  mixed 
space-time  domain 

<y>M>rpK= mean,  eddy  available  potential  energy  in  the 
mixed  space-time  domain 
rate  of  generation  of  available  potential 
energy  by  diabetic  heating 
D(K)  —  rate  of  frictionul  dissipation  of  kinetic  energy 
(\PM,KM)  —  rntc.  of  conversion  from  mean  available 
potential  energy  into  mean  kinetic  energy  by 
moan  meridional  circulations 
(  (Pa, Kit)  —  rate  of  conversion  from  eddy  available 
potential  energy  into  eddy  kinetic  energy  by 
large-scale  eddy  convection 

('(Kk,Kh)  —  rate  of  conversion  from  eddy  into  mean 
kinetic  energy  by  eddy  momentum  transport 


l  V\,Pm)  ~  rate  of  conversion  from  mean  into  eddy 
available  potentisil  energy  by  eddy  heat 
transport. 

4.  DISCUSSION  OF  ENERGY  INTEGRALS 

In  tables  1  and  2  some  estimates  are  given  of  the  amount 
of  mean  and  eddy  kinetic  and  available  potential  energy 
present  in  the  atmosphere  of  the  Northern  Hemisphere. 
The  estimates  in  the  space  domain  are  presented  in  table 
1  and  those  in  the  mixed  space-time  domain  in  table  2. 
The  tables  contain,  besides  the  estimates,  some  relevant 
information  concerning  the  representativeness  of  the  data. 

Estimates  of  the  energy  generation,  dissipation,  and 
conversion  in  the  space  and  mixed  space- time  domain 
may  be  found  in  tables  3  and  4.  Some  comments  will 
be  made  concerning  the  energy  integrals  in  these  tables. 

(1)  Generation  of  eddy  available  potential  energy 
takes  place  if  at  a  certain  pressure  level  relatively  warm 
air  masses  are  heated  and  cold  air  masses  are  cooled  as  a 
result  of  the  combined  effects  of  radiation,  condensation 
or  evaporation,  and  turbulent  exchanges  with  the  earth’s 
surface.  This  eddy  generation  was  computed  in  the  space 
domain  by  Wiin-Nielsen  and  Brown  (30]  and  Brown  (tj 
with  the  aid  of*  daily  hemispheric  heating  fields  which 
were  calculated  from  the  thermodynamic  equation.  Ac¬ 
cording  to  their  calculations  diabatic  heating  destroys 
eddy  available  potential  energy.  This  could  be  expected 
if  the  exchange  of  heat  between  the  atmosphere  and  the 
earth’s  surface  were  the  determining  factor;  in  general 
this  exchange  will  have  the  tendency  to  cool  wanner  air 
masses  and  to  warm  colder  air  masses.  The  2-parameter 
baroclinic  model  used  by  Wiin-Nielsen  and  Brown  for 
evaluating  vertical  motions  may  underestimate  the  cre¬ 
ation  of  eddy  available  potential  energy  due  to  con  ienaa- 
tion  heating.  This  would  make  their  eddy  generate  n  too 
negative.  Suomi  and  Sben  (26]  found  a  buildup  of  eddy 
potential  energy  which  was  due  only  to  the  influence  of 
infrared  cooling.  This  was  derived  from  radiation  meas¬ 
urements  made  by  Explorer  VTI.  The  sample  was  limited 
to  a  period  of  13  days  and  to  a  small  horizontal  area. 
Therefore,  it  is  probably  not  representative  and  further 
measurements  are  needed. 

From  balance  considerations  it  follows  that  in  the  mixed 
space-time  domain  not  a  destruction  but  a  creation  of  eddy 
available  potential  energy  may  occur  (see  next  section). 

(2)  The  dissipation  of  kinetic  onergy  by  friction  cannot 
be  measured  directly.  The  best  method  is  to  compute  the 
dissipation  us  the  residual- term  in  the  balance  of  kinetic 
energy.  This  wus  done  for  the  sum  of  mean  and  eddy 
kinotic  energy  by  Holopainen  [5]  for  each  day  of  a  period 
of  three  winter  montlis  over  England.  Although  the 
daily  values  cannot  be  trusted,  the  order  of  magnitude 
might  bo  correct. 

(3)  Overturning!  of  the  atmosphere  on  tho  largest  scalo 
(i.e.,  rings  of  air  moving  across  latitude  circles)  give  a  con- 
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r*m.e  I. — hthmatet  of  Ike  aivragr  amount  of  energy  (HP  joule 
?'•-')  per  unit  area  ia  Ike  Norlkern  Hrmiepkerr .*•  I'nmpulnl 
tn  the  *tpace  Ho  main"  from  height  data  only 


Investigators 

Haltrman  It*,  19),  FlcUhcr 
(IM«J 

Tew rhs  |27J 

Hriwesmtatlve 
lr»r  rirca  covering 

20-*0*  N.  tor  Pm,  Pi 
lft-HO*  N.  lor  K*,  K» 

17  6*-77  ft*  N. 

Pn 

M  0  *  winter  mo.  119,  WfV 
MO-mb.  thick  new  |1H] 

Pi 

li  t  1  winter  me.  IIW;  *50- 
MO-mb  tltlrknroB  (|g| 

Km 

6  1  wear  1951;  SOO-mb.  height 

<UUtl9) 

8.9  winter  1851;  500-mb. 

height  data  (19] 

3.  7  Hummer  1951;  500-mb. 
height  data  (19| 

14. 4  3  winter  mo.  1957-105*; 

500- ,  IOO-,  60-mb.  height 
data  |*7f 

K, 

7.8  year  1851;  500-in  b.  height 
data  (191 

9  8  winter  1951;  500-mb. 

height  data  |I9] 

8.8  summer  1951;  500-mb. 
height  data  (191 

8. 1  3  winter  ino.  1957-195*; 
500-,  100- .  50-mh.  height 
data;  wave  numbers 

■-a  m 

*10*  Joule  m.-*- 10*  erf  era.-*  Is  equivalent  with  2.56X10*  erg  .‘or  the  ntrmujihere  of  the 
entire  Northern  Hemisphere. 

** Values  are  Integrated  In  vertical  direction  throughout  the  depth  of  the  atmosphere. 
October,  November.  December.  January,  February,  and  March  are  considered  as 
"winter”  months.  April,  May,  June,  July,  August,  and  September  are  considered  as 
"summer”  months. 


ami.H  Z.  —hntxmntrn  of  the  average  amount  of  er 
£rr  unit  area  in  the  Northern  Hemiiphere.' 
muted  *parr-timr  domain ” 


Computed  in  the 


Investigators 

A.  From  actual  wind  and 
trmimrnture  data 

lltich  (3|,  Crutrher  HL  Mura¬ 
kami  |9|,  I  rUoto  li*J 

B.  From  height  data  only 

Rattrman  (I9|.  Flrhher  |I9| 

Kepresrntallve 
lor  area  covering 

Northern  Hemisphere  (10  70* 
N .  lor  |9)) 

IV  Hit*  N. 

29.4  year  1950;  lemiwralure 
data  at  7  levels  (com¬ 
puted  from  (12)) 

14.7  year  1950;  temperature 
data  at  7  levels  (com¬ 
pute*  1  from  ||2|) 

<KU 

n  S  yenr,;  wind,  *1  •  level, 
(compute.)  Irom  |«)> 

»  J  yeu  ISM:  wind.  el  it 
le*,h  (computed  from 
IX  by  Id) 

8.2  year  1961;  500-mb. 

height  data  (computed 
from  fi»|) 

8.8  winter  1961;  500-mb. 
height  data  (computed 
from  |19)> 

2.9  summer  1961;  flOb-mb. 
height  data  (compute*  1 
from  (19)) 

•c 

& 

0 «  yew  loan;  Wind,  »t  It 
level*  (computed  from 
l»]  by  |t)) 

8.9  year  1951:  5fl0-tnh. 
height  data  (computed 
from  1 19)) 

10.4  winter  1951;  500  mb. 
height  data  (cnmiaded 
from  1 19]) 

6.6  summer  1961;  500 mh. 
height  data  (compute*! 
from  |it)) 

••  Fee  footnotes  lahts  I. 


version  between  mean  potential  and  mean  kinetic  energy. 
This  term  is  not  important  in  tlio  liomiaphoric  cnorgy 
balance;  see  in  this  connection  Starr  ]22,  22],  Wiin-Niolsen 
[28],  Saltzman  and  Flcishor  (17,  18].  Slnrr  used  the 
expression  XJ[u\  [«]  dm,  where  u,  v— west-east,  south-north 
component  of  the  actual  wind  and  /=  Coriolis  parameter, 
to  compute  the  conversion  from  mean  potential  into  mean 
kinetic  energy  in  the  mixed  domain.  This  convention  is 
usually  given  by  the  expression  A  Zi]  [a]  dm,  where  <j— 
dp/dt^*1  vertical  velocity”  and  nr  specific  volume.  The 
two  expressions  are  identical  if  u  is  replaced  by  u„  the 
goostrophic  oompoiient  of  *.  Krueger,  Winston,  and 
Haines  [7]  using  the  new  NM<!  3-parameter  model  for 
computing  vertical  velocities,  obtained  large  negative 
values  for  this  convention  in  the  spnee  domain,  the  reason 
being  that  they  did  not  include  the  nroa  south  of  20°  N. 
in  their  integration.  If  one  integrates  over  the  entire 
hemisphere,  the  influence  of  the  direct  Hadley  eireulation 
at  low  latitudes  should  bring  these  estimates  rloser  to 
zero,  'file  values  obtained  by  Wiin-Niolsen  (28]  and 
Saltzman  and  Fleislier  [17,  IS]  also  for  the  area  north  of 
20°  X.  are  not  so  large  negatively  probably  because  of  the 
use  of  the  NM(-  2-parameler  vertical  velocities  which 
appear  to  give  smaller  conversions  between  potential 
and  kinetic  energy.  Summarizing,  our  host  estimate  is 
that  the  conversion  between  mean  potential  and  mean 
kinetic  energy  is  small  compared  to,  for  example,  the 
conversion  from  eddy  potential  into  eddy  kinetic  energy. 

(4)  'flic  eddy  conversion  from  potential  into  kinetic 
energy  in  the  space  domain  is  given  essentially  by  (lie 
covariance  <<f  w  and  T  within  latitude  circles.  In  all 
estimates  of  u>  which  were  used  for  the  calculation  of 
('(I'k,Kk)  in  table  3,  the  elTcels  of  i!i..hat*c  heating  have 


been  neglected.  Unfortunately,  it  is  not  known  how 
reliable  this  approximation  is.  The  same  difficulty  holds 
in  the  computations  of  the  conversion  in  the  mixed 
space-lime  domain. 

(f»)  The  horizontal  area  of  integration  does  not  always 
cover  the  entire  hemisphere.  For  example,  the  objective 
NMC  analyses  which  were  used  by  the  investigators  of 
group  11  do  not  extend  to  latitudes  lower  than  17  r>°  \ 
For  this  reason  the  conversion  and  generation  terms  are 
integrated  only  over  an  area  from  the  pole  to  about 
20°  N.  It  would,  indeed,  Ire  incorrect  to  extrapolate 
these  conversion  rates  to  the  equator.  Recently  indica¬ 
tions  have  Wen  found  of  a  negative  value  of  the  rales  of 
conversion  from  mean  potential  into  eddy  potential  and 
from  eddy  potential  into  eddy  kinetic  energy  at  low 
latitudes  (in  middle  latitudes  these  integrals  arc  large 
and  positive).  In  oilier  words,  there  is  evidence  of  an 
eddy  heat  transport  against  the  mean  meridional  tem¬ 
perature  gradient  and  also  of  a  conversion  from  kinetic 
into  potential  energy  by  the  large-scale  eddy  processes 
in  tropical  latitudes  (see  Peixolo  [11],  Starr  and  Wallace 
[24 1).  'Phis  indirect  action  of  the  eddies  in  the  Tropics 
may  lie  compared  with  the  quite  similar  operation  of  the 
disturbances  in  the  lower  stratosphere  (see  Oort  [  10]). 

(tt)  The  rale  of  transformation  between  mean  and  eddy 
kinetir  energy  is  given  essentially  by  the  product  of  ;lu* 
eddy  transport  of  momentum  and  the  gradient  of  mean 
angular  iota  I  ion  both  taken  in  the  north-south  direction. 
Similarly,  the  rale  of  transformation  between  mean  and 
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Tahi.k  3. — Extimalc*  o /  the  energy  integral*  ( nmtl  >n.  s)*  in  the  "xjntre.  domain"  for  the  Northern  Hemisphere** 
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*• — Betimatee  of  the  energy  integrate  (mill  m.1)*  in  the 
"mixed  ipace-time  domain"  for  the  Northern  Hemisphere** 


VROM  ACTUAL  WINII  ANII  TRMCRHATUKK  DATA 

Investigators 

Starr  |21,  -a,  IS),  White  (26] 

Ilrunt  [2).  Buell  |3|,  llolo- 
ttslnm  |&|,  Jrnttcn  |A|, 

lVtioU  (12,  13) 

Represent  Ml  vc 
lor  MTt  covering 

Northern  Mrmlepherr 

Northern  llctnt*phrr* 

G(&.) 

1.1*2  yw»r  I9A0  (computed  on  n 
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m 
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nUKJ 

-0.10  yesr  1W0  fcom|iutrd  *■ 
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-6.0  menn  +  eddy  d la*  1  po¬ 
tion  lianed  on  mnw 
wind  troflle;  extreme¬ 
ly  uncertain  |2) 
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eddy  ini  energy  is  given  l>y  the  product  of  t  lie  eddy 

transport  of  heat  mid  the  gradient  of  inciut  leoi|>er»ilure, 
nlso  both  in  (lie  norlli-soulli  direction.  For  hull)  terms 
there  is  it  considerable  numerical  difference  between  (lie 
conversion  rules  roiii|iuled  in  the  spare  and  in  llie  mixed 
spare-lime  domain.  As  an  illustration,  we  may  quote 
Starr's  |2I|  meiisiireiuenls  of  the  conversion  from  eddy 
into  mean  kinetic  energy  for  the  first  six  months  of  1950. 
Starr  roinpulrs  0.3S  wall  in."*  in  the  spare  <loninin  and 
w  ith  I  he  same  data  0.1. r>  watt  in.-2  in  the  mixed  space-lime 
domain.  There  is  evidence  of  a  similar  difference  in  the 
rate  of  conversion  from  mean  into  eddy  potential  energy. 
The  investigators  of  "roup  It,  using  Lorenz’s  approach, 


estimate  a  value  of  about  3.0  watt  m."*  for  the  year,  but 
the  data  of  the  investigators  of  group  A,  using  the  mixed 
space-time  approach,  give  the  much  smaller  value  of 
about  1.2  watt  in,”’.  The  rate  of  conversion  from  mean 
into  eddy  potential  energy  is  stronger  in  the  space  than 
in  the  mixed  domain,  since  in  the  first  case  an  extra  term 
is  included  which  depends  on  the  covariance  in  time  of 
the  down-gradient  eddy  transport  of  heat  and  the  merid¬ 
ional  temperature  gradient  itself  (see  appendix).  As 
will  he  seen  in  the  next  section,  this  extra  term  may 
rignificantly  alter  the  value  of  the  generation  of  eddy 
available  potential  energy  as  determined  from  balance 
conditions. 

(7)  Starr  [23]  noticed  that  the  integral  C(Kk,  K„)  had  a 
positive  value  for  each  month  of  the  year  1951 ;  i.e.,  during 
each  month  the  eddies  gave  kinetic  energy  to  the  zonal 
current.  The  same  was  true  for  four  of  the  fivo  months 
considered  by  Wiin-Nielsen,  Drown,  and  Drake  [31]; 
only  January  19(13  formed  an  exception.  During  this 
month  the  large-scale  disturbances  drew  kinetic  energy 
from  the  zonal  flow.  Tn  this  respect  January  1963  must 
have  been  an  exceptional  month. 

(8)  A  comparison  of  the  energy  integrals  calculated  in 
the  numerical  experiments  (Phillips  [14],  Smagorinsky 
[20])  with  those  calculated  front  actual  data  shows  that 
the  dissipation  of  eddy  kinetic  energy  in  the  experiments 
is  too  small,  while  the  dissipation  of  mean  kinetic  energy 
is  much  too  large.  Presumably  this  is  related  to  diffi¬ 
culties  in  formulating  the  dissipation  mechanism.  A 
further  consequence  of  the  incorrect  dissipation  rates  is 
that  too  much  eddy  kinetic  energy  is  converted  into  moan 
kinetic  energy. 


5.  DIAGRAM  FOR  THE  ATMOSPHERIC  ENERGY  CYCLE 

From  the  generation,  dissipation,  and  conversion  rates 
in  tables  3  ami  4  a  careful  selection  was  made  by  con¬ 
sidering  the  representativeness  of  the  data.  The  author’s 
best  estimate *  of  the  order  tif  magnitude  of  the  hemispheric 
energy  processes  for  the  |>eriod  of  a  year  are  presented  in 
two  diagrams,  one  for  the  space  domain  (fig.  I)  and  the 
other  for  the  mixed  spare-time  domain  (fig.  2).  .\'o 

special  averaging  process  was  used  in  determining  the 
numbers  from  the  data  given  in  tables  I  through  4.  The 
necessary  halauro  conditions  for  each  energy  component 
have  been  taken  into  account  in  the  construction  of  these 
flow  diagrams.  In  the  diagrams  the  small  circles  indicate 
the  four  forms  of  energy.  The  large  circle  which  encloses 
the  four  smaller  ones  represents  the  "environment".  The 
numbers  on  the  connecting  lines  indicate  the  rate  of  con¬ 
version,  generation,  or  dissipation  for  the  different  forms 
of  energy.  The  mmiliers  within  the  small  circles  give  the 
amount  of  energy  present  .  The  dissipation  rates  are  de¬ 
rived  indirectly  from  the  other  estimates  using  balance 
requirements;  the  same  holds  to  a  certain  extent  for  the 
generation  rates. 
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FiaunE  t. — Tentative  flow  diagram  of  the  atmonphcric  energy  in 
the  space  domain.  Values  arc  averages  over  a  year  for  the 
Northern  Hemisphere.  Energy  units  arc  in  10*  joule  m.-* 
(=10*  erg  cm.-*);  energy  transformation  units  arc  in  watt  m.-’ 
(=10*  erg  cm,'1  see.'1). 


Fiouk  2. — Tentative  flow  diagram  of  the  atmospheric  energy  in 
the  mixed  space-time  domain.  Values  are  averages  ovor  a  year 
for  the  Northern  Hemisphere.  Energy  units  are  in  10*  joulo  m.-*; 
energy  transformation  units  are  in  watt  m  -• 


As  is  well  known  the  energy  cycle  proceeds  in  the  aver¬ 
age  from  mean  available  potential  energy  via  eddy  avail¬ 
able  potential  energy  and  eddy  kinetic  energy,  to,  finally, 
the  mean  kinetic  energy,  i.e.,  in  a  counterclockwise  direc¬ 
tion  in  figures  1  and  2.  The  important  steps  in  this  cycle 
will  be  discussed  below  in  some  detail.  The  numbers  for 
the  mixed  space-time  domain  will  be  placed  in  parentheses 
after  the  numbers  for  the  space  domain. 

At  low  latitudes  the  earth-atmosphere  system  gains 
more  energy  per  unit  area  by  the  absorption  of  short¬ 
wave  radiation  front  the  sun  than  it  loses  to  space  by 
the  emission  of  long-wave  radiation;  the  reverse  is  true 
at  high  latitudes.  Since  in  the  troposphere,  which  con¬ 
tains  the  bulk  of  the  atmosphere,  the  higher  temperatures 
an?  found  at  low  latitudes  and  the  lower  temperatures  at 
high  latitudes,  mean  available  potential  energy  is  created 
us  il  result  of  radiation.  The  creation  due  to  all  dinbitlic 
sources  amounts  to  ,‘i.l  (1.4)  watt  m.“*.  Without  rotation 
the  release  of  this  energy  wPnld  take  place  through  an 
axially  symmetric,  meridional  Hadley  circulation.  How¬ 
ever.  been  use  of  the  actual  conditions  of  rotation  ami 
healing  of  the  earth  ami  ils  atmosphere,  asymmetric, 
eddy  circulations  take  over  the  task  of  the  mean  mcrid- 
dioiml  circulation  us  convective  units.  The  zonal  cur¬ 
rents  connected  wilh  the  meridional  tem|>eraHire  gradient 
have  a  maximum  instability  at  the  wavelength  of  the 


large-scale  eddies.  The  conversion  from  mean  available 
potential  energy  into  its  eddy  counterpart  occurs  at  the 
estimated  rate  of  3.0  (1.5)  watt  m.“*.  In  the  space  do¬ 
main  healing  processes  appear  to  destroy  (in  the  mixed 
domain  they  appear  to  create)  eddy  potential  energy  ut 
the  rate  of  —0.8  (+0.9)  watt  m.“*.  The  remaining 
energy,  i.e.,  2.2  (2.4)  watt  m.“',  is  converted  into  ed.ly 
kinetic  energy.  The  conversion  from  eddy  kinetic  into 
mean  kinetic  energy,  which  maintains  the  zonal  currents 
ngninst  the  frictional  dissipation  by  small-scale  eddies, 
is  only  about  0.4  (0.3)  watt  m._*.  To  'maintain  the 
balance  of  the  eddy  kinetic  energy  it  is  necessary  that 
about  80  percent  of  the  eddy  kinetic  energy  which  is 
released  by  convection,  i.e.,  —1.8  (—2.1)  watt  in.-1,  ho 
destroyed  by  friction.  The  dissipation  of  mean  kinetic 
energy  is  comparatively  small,  namely  —0.5  (—0.2)  watt 
in.-*,  since  the  exchange  between  mean  kinetic  and  mean 
available  potential  energy  is  only  0.1  (—0.1)  watt  in.-*. 

APPENDIX 

Expressions  for  the  energy  integrals  in  the  space  (a), 
lime  (b),  and  mixed  space-time  (c)  domain  will  he  pre¬ 
sented.  Furl  her,  in  order  to  obtain  a  better  under¬ 
standing  of  the  differences  in  the  flow  diagrams  (figs.  1 
and  2)  for  the  energy  cycle,  the  integrals  for  the  spaco 
and  mixed  domains  will  he  compared  (d). 
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DOTATION 

X,  longitude,  latitude 
p  —  pressuro 

u,  r= eastward,  northward  conqionenls  of  tlio  wind 
<a=(/p/</f= “vertical  velocity” 

<f=geopotcntinl  “lieiglil” 

T  —  temperature 
0 = pot  on  tin  I  tern  pera  lu  re 
dm  —  increment  of  mass 
a  —  radius  of  the  earth 
/=  Coriolis  parameter 
/i’=gas  constant 

r,= specific  heat  at  constant  pressure 
^=rate  of  lieat  addition  per  unit  mass 
F—  frictional  foree  per  unit  mass 


(see  discussion  section 


pffl=1000  mb. 

J=time  average  of  b 
('^deviation  from  time  average  of  b 
[6]=zonnl  average  of  b 
6*x=deviation  from  zonal  average  of  b 
i  —  hemispheric  average  of  6  over  isolmric  surface 
6"=dcviation  from  hemispheric  average  of  b. 


Vol.  9t,  No.  11 

multiply  (2)  and  (:t)  by  [«)  and  [p],  and  add  for  the 
balance  e«|ualion  of  K„; 

multiply  (2)  and  (.1)  by  «•  and  p*,  and  add  for  the 
balance  equation  of  KM‘, 

in  the  time  domain 

multiply  (1)  by  (T/to)3cryO"  for  the  balance  equa¬ 
tion  of  Pw; 

multiply  (1)  by  (770)*c,y0'  for  the  balance  equation 
<*f  Pm; 

multiply  (2)  and  (3)  by  u  and  7,  and  add  for  the 
balance  equation  of  Kw; 

multiply  (2)  and  (3)  by  «'  and  v ',  and  add  for  the 
balance  equation  of  Kc; 

in  the  mired  space-time  domain 

multiply  (1)  by  (7y0)’c/y|0)"  for  the  balnnee  equa¬ 
tion  of 

multiply  (1)  by  (TyO^cyKH'-f©')  for  the  balance 
equation  of  (Pm\ 

multiply  (2)  and  (3)  by  |u]  and  [r],  and  add  for  the 
balance  equation  of 

multiply  (2)  and  (3)  by  (ir'  +  u*)  and  (e'-f  v*),  and 
add  for  the  balance  equation  of  ff(K. 

Finally,  all  equations  are  averaged  in  time  over  the  period 
considered  and  integrated  over  the  total  mass  of  the 
atmosphere. 


The  basic  equations  used  in  deriving  the  formulae  for 
the  generation,  destruction,  and  conversion  rates  of 
kinetic  and  available  potential  energy  are  the  first  law 
of  thermodynamics 


d0_  _u _ d<4 

dt  a  cos  <t>d\ 


d0 

t id<p 


do 

dp 


(1) 


A,  ENERGY  INTEGRALS  IN  THE  SPACE  DOMAIN 

I^lc'fWr'dm 

/'*=.] \c,f- 


the  zonal  equation  of  motion 

du  _ dw^ _ ,  dv  _  d u 

d t  a  cos  <t> dX  odd  dp 

-  tail  (2) 

a  cos  0OX  V  a  / 

and  the  meridional  equation  of  motion 
dv  dv  dr  dr 

— -  -  -  U - -  - “-a W  “ 

dt  a  cos  0dX  odd  oj> 

The  balance  equations  in  iy  be  derived  a.s  follows: 
in  the  sjstre  domain 

multiply  (1/  oy  (77«)*rpy|0]"  for  the  balance  equa¬ 
tion  of  ; 

multiply  (!)  by  (7'/B)V,-y(->*  for  tic-  balance  equation 
of  /'*•; 


Ka^JiiWWDdrn 

/<■*=!  J 

(?(/*«)=  fWVW’dm 
G(l\)  -  | 'WWVm 
D(Kh)—  |*i ([u\\F,\+\v\{F,\)dm 

K„)  -  j' M"l«r ’dm-  j/KI  [v\dm 

CVm.Km)  --  J’f^i dm 
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C(Ka,  Ky)-^  cos  4>  ([«!  COS'*1 

+ J dm+ J dm 
+  J \t?u* J  ~  dm- j (rj[u*itj  —p  dm 

C{Pu,P„)~~c,  fyl^r*}^  dm 

The  corrections  for  the  change  in  time  in  the  balance 
equations  of  PM,  PK,  K„,  K«  are,  respectively: 

c4'yttl{T]"ldm’ 

c,rJybi  hT*^rn’ 

fit  \  (f«13-4-{r]*>rfm, 

B.  ENERGY  INTEGRALS  IN  THE  TIME  DOMAIN 

Pu=l*,fy  \T"'\dm 
Pg-\  c'  f7  [7Fn]im 
K«=|  JV+PHm 

<7(P,,)=  j\  \T"Q"Wm 

G(PK)^jy[TTQr]dm 
D  (K.«)  =  j  [uF,+vF,yim 

f'(P„K,)  --  [[^Vk/m 


C(K*,Km)  = 


a  cos  ^dX_ 


+J[uV  cos  $  (5  cos-1  $)  Jim 


+JT^g> 

rr — r?-  t*n  «#>~i , 

-JL«*'  Tf 


The  corrections  for  the  change  in  time  in  the  balance 
equations  of  Pm,  Pg,  Km,  Kg,  are,  respectively: 


+frp iF>”. 

/[“aJ+'afK 


C.  ENERGY  INTEGRALS  IN  THE  MIXED  SPACE-TIME  DOMAIN 


®*=\  C'fyify'dm 

&g-\t,§y[Tr*+T«)lim 

9(,^\  J l^Tr*+F?+u«+' v**)dm 
G(rPM)~fyiTY'iQ]"dm 
G(&H)-=$y[TW+f*Q*)dm 


740-2111  04  2 
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Ka-^yCm- y*(l«r,+M',)rf'n 
0(P«)  -  G(0>„)+ J-riTFivFrfm 

C({7>m,  W„)~-§\Z\’‘\Z\"dm  -  fj\u,\\r)dm  G{P.)~  G(0>  .)-  J-fRiWrfm 

P(  fK \ |«^  I  w*,V|./m  IH  K»)  -  !t{  <K  m)  I  f  (ROT  I  ROT></m 

C(9(m,  9(u)=  |*((u,r']+|u*c,l)  C03*-|^  (|u)cos“*^)  dm  D(Kk)  =  D( 9( «)-J* ([w)'|A',r+M'|f’,l')rfm 

+  J  (|Hvr)+|tl*5*|)  dm  C(PU,KU) -=  C(<?Ul W^-flZyWdm 

+ J d~,!-HF«|)  !jjjj dm  C\P„,  K')~C(!Pt,<K.)+§\»ywdm 

+ J([o,V]+l«*F*l)  ^  dm  aK"  Km)=(K  X'  <xu)+ju.v.y  co^-^(H'008- 4>)dm 

-f  1FIM+IS"])  ~~~  dm  +  J dm+ J[^F^  dm 


COPu,  @.)=-c,§y([vT\+[v*r\)  ^  dm 

~c,fy  (I)  ([^r|+(S*7-])"  dm 

The  corrections  for  the  change  in  lime  in  the  huhtn^e 
equations  of  ff>„,  CPk,  9(m,  9i e  are,  respectively: 

c^y\T\"^f-dm, 


+JV**r^ dm-  J [«•*)'[»)'  ^ dm 
—J l«n»r  cos  4  ^  ([5]  cos'1  4)dm 

— dm+ J* lelfu]75  dm 

C(PM, P.)=C{  ff>„,0>E)-c,fylVT*Y ®  dm 

+.,/rWT7Tg'jm 
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Mechanics  of  Eddy  Processes  in  the  Tropical  Troposphere1) 

By  Victor  P.  Starr2)  and  John  M.  Wallace2) 


Summary  -  It  is  suggested  on  the  basis  of  the  study  of  observational  data  gathered  by 
J.  P.  I'eixqto  that  the  eddy  processes  in  the  tropica!  regions  of  the  middle  troposphere  operate 
in  an  inverse  manner  as  compared  with  a  normal  heat  engine.  Thus,  in  common  with  the  situation 
in  the  lower  stratosphere,  the  region  is  characterized  by  a  countergradient  horizontal  eddy  heat 
‘ransport  and  a  rising  of  colder  air  and  sinking  of  warmer  air  on  the  scale  of  the  large  eddy  pro- 
«  ‘sses. 


1.  Introductory  Remarks  Concerning  the  Lower  Stratosphere 

It  is  perhaps  fair  to  say  that  during  the  past  several  years  there  has  come  to 
light  for  the  first  time  a  correct  picture  of  the  gross  workings  of  the  dynamical 
processes  in  the  lower  stratosphere.  This  is  true,  albeit  that  some  large  questions 
still  remain.  Of  course  residual  problems  will,  however,  never  be  exhausted.  It  is  to 
be  expected  that  the  important  new  findings  will  presently  appear  in  numerical 
and  theoretical  models  of  the  atmosphere,  as  no  doubt  also  will  the  features  of  the 
tropical  troposphere  to  be  presented  below. 

One  method  of  describing  briefly  the  actions  which  predominate  in  this  new 
picture  is  to  enumerate  the  following  points: 

a)  The  horizontal  poleward  eddy  heat  transport  is  by  and  large  countergradient, 
since  the  temperature  increases  toward  the  pole. 

b)  In  order  that  this  should  take  place  it  is  required  that  poleward  moving 
parcels  should  be  heated  adiabatically,  while  equatorward  moving  parcels  should 
be  similarly  cooled. 

c)  This  action  leads  to  a  negative  correlation  between  upward  and  poleward 
velocity  components. 

d)  It  also  leads  to  a  negative  correlation  between  the  upward  velocity  component 
and  the  temperature. 

e)  This  rising  of  cold  air  and  sinking  of  warm  acts  in  the  sense  of  a  conversion 
from  kinetic  into  internal  and  potential  energy  in  eddy  form. 

f)  The  eddy  potential  and  internal  energy  so  manufactured  is  converted  into 
mean  zonal  form  by  the  countergradient  heat  flux. 


>)  The  research  reported  in  this  paper  was  sponsored  by  the  Air  Force  Cambridge  Research 
Laboratory,  under  Contract  Nos.  AF19(604)-6I08  and  AFl9(628)-2408. 

a)  Massachusetts  Institute  of  Technology,  Cambridge  39,  Massachusetts. 
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g)  The  angular  momentum  flux  due  to  the  eddies  is  against  the  gradient  of 
angular  velocity,  thus  giving  a  further  drain  of  eddy  kinetic  energy  through  a 
conversion  into  kinetic  energy  of  the  mean  zona!  flow. 

h}  It  must  be  concluded  that  the  eddy  kinetic  energy  is  resupplied  by  vertical 
transport  from  the  troposphere. 

i)  The  general  conclusion  is  that  the  lower  stratosphere  acts  in  the  manner  of  a 
refrigerating  machine,  supplied  with  kinetic  energy  from  the  direct  acting  regions. 
This  produces  low  temperatures  near  the  equator  and  higher  temperatures  toward 
the  pole,  contrary  to  the  tendency  of  the  radiative  processes,  which  it  overcomes. 

j)  The  selective  action  already  mentioned,  of  the  vertical  and  meridional  eddy 
components  of  motion  fits  in  with  the  fact  that  they  are  able  to  produce  a  poleward 
transport  of  ozone.  This  eddy'  flux  of  ozone  leads  to  an  accumulation  of  this  material 
at  more  northerly  latitudes  in  a  manner  contrary  to  what  would  be  expected  from 
the  photochemical  processes  alone. 

We  can  neither  stop  in  our  present  exposition  to  descant  further,  in  more 
technical  detail,  upon  the  manner  in  which  the  ten  items  enumerated  unite  to  form 
a  consistent  system,  nor  can  we,  except  as  indicated  below,  render  a  full  account  of 
the  rather  interesting  sequence  of  events  through  which  the  outlines  of  the  material 
content  of  these  items  became  apparent  from  global  observations  interpreted  in  the 
light  of  physical  principles.  Much  less  can  we  enter  upon  a  consideration  of  the 
remaining  problems.  Since  all  these  things,  moreover,  are  not  now  our  principal 
immediate  concern,  it  will  suffice  simply  to  say  that  the  work  stemmed  mainly 
from  the  following  discussions,  available  in  the  literature:  White  [17]1);  Starr  and 
White  [15];  Martin  [5];  Starr  [16];  Peixoto  [13];  Jenson  [3];  Newell  [7]; 
Molla  and  Loisel  [6];  Newell  [8,9];  Oort  [11.  12];  Sheppard  [14].  These  the 
interested  may  read  for  a  better  background  in  the  subject  which  is,  of  course,  of 
considerable  consequence  for  what  follows,  and  constitutes,  in  its  own  right,  no 
trifling  chapter  in  the  saga  of  man’s  effort  to  visualize  correctly'  the  operation  of  the 
atmospheric  circulation. 

2.  Countergradient  Heal  Flux  in  The  troposphere 

In  the  development  of  our  picture  of  stratospheric  mechanics  a  key  role  is  to  be 
ascribed  to  the  recognition  of  the  existence  of  a  horizontal  countergradient  eddy 
transport  of  heat  as  stated  in  item  a).  This  fact  together  with  the  poleward  eddy 
transport  of  ozone  noted  by  Martin  suggested  the  need  for  the  coexistent  scheme 
of  vertical  motions,  corroborated  more  directly  later.  The  other  features  then  fol¬ 
lowed  rather  naturally. 

We  may  now  in  similar  fashion  study  the  horizontal  eddy  heat  transport  in  the 
troposphere  more  extensively  than  was  done  by  Starr  and  White  [15],  Fortunately 
an  extensive  analysis  of  such  heat  flow  in  the  northern  hemisphere,  which  includes 
the  region  in  the  tropics  — a  deficiency  of  the  previous  work— was  presented  by 
Peixoto  [13],  This  material  also  was  part  of  the  subject  matter  of  an  essay  for 
which  a  prize  was  awarded  to  Prof.  Peixoto  by  the  Academy  of  Science  of  Portugal. 
The  chief  results  which  concern  us  here  are  reproduced  in  Tables  1,  2  and  3. 

l)  Numbers  in  brackets  refer  to  References,  pages  143  and  144. 
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Expression  should  be  given  at  the  outset  to  the  fact  that  the  measurements  tax 
to  the  utmost  the  resources  of  available  observational  material  thus  far  analysed. 
Much  more  should  by  now  be  available,  and  one  can  only  lament  the  listless  attitude 
in  meteorology  which  would  assign  considerably  less  than  first  priority  to  what  is  in 
fact  the  growing  edge  of  our  basic  conceptions.  No  doubt  many  factors  enter  into 
this  state  of  affairs,  but  it  would  seem  on  the  face  of  it  unbelievable  that  after  the 
expenditui  e  of  the  prodigious  sums  of  money  needed  for  making  observations,  so 
little  value  should  be  placed  upon  the  discovery  through  their  further  elaboration, 
of  permanent  general  information.  This  the  more  so,  since  the  added  cost  is  paltry 
in  comparison  with  the  main  investment. 

Upon  examination  of  Tabie  1.  it  is  evident  that  there  is  indicated  a  southward 
transport  of  sensible  heat  at  low  latitudes  by  the  transient  eddies.  Although  the 
action  is  weak  at  the  lowest  level,  during  both  summer  and  winter  taken  individually 
the  negative  transport  is  found  as  far  as  30 °N  latitude  at  500  mb,  and  negative 
signs  seem  to  predominate  at  and  south  of  20 "N  up  to  the  stratosphere.  The  values 
no  doubt  cannot  be  relied  upon  to  be  accurate  in  detail  because  of  various  short¬ 
comings  of  the  original  data,  but  probably  the  indication  of  a  southward  transient 
eddy  heat  transport  in  the  middle  and  upper  troposphere  is  correct. 

A  question  at  once  arises  as  to  the  further  contribution  by  standing  eddies  to 
the  heat  transport.  Because  of  the  nature  of  this  action,  it  depends  heavily  upon 
a  proper  station  sampling  at  all  longitudes,  and  is  more  difficult  to  measure  on  this 
account.  It  was  decided  by  Peixgto  to  give  in  his  publication  merely  a  sample 
calculation  of  this  quantity  for  the  winter  season  only.  The  values  which  are  shown 
in  Table  2  display  an  array  of  negative  signs  similar  to  those  in  Table  1,  although 
there  are  minor  differences.  The  magnitudes  are  also  similar,  so  far  as  one  may 
judge  in  spite  of  probable  inaccuracies  of  detail. 

In  order  to  judge  whether  or  not  the  transports  are  countergradient  it  is  neces¬ 
sary  to  have  information  relating  to  the  mean  zonal  temperature  distribution.  The 
compilation  of  these  data  prepared  by  Peixoto  is  reproduced  in  Table  3.  For  the 
inspection  and  study  of  this  material,  it  should  be  noted  that  mean  temperature 
gradients  in  the  tropics  are  small  and  hence  are  probably  as  difficult  to  measure  as 
the  transports.  It  is  a  mitigating  circumstance,  however,  that  the  standard  devi¬ 
ations  of  temperature  are  smaller  in  the  tropics,  as  shown  by  the  results  of  PEIXOTO 
as  well  as  those  of  other  studies.  Except  for  the  well  known  reverse  gradient  essen¬ 
tially  at  100  and  200  mb  at  all  latitudes  and  for  the  reverse  gradient  in  the  tropics 
at  low  levels  in  summer,  there  is  shown  the  normal  horizontal  poleward  decrease  of 
temperature  in  the  tropics  as  well  as  elsewhere. 

It  now  remains  to  be  noted  that  whereas  there  exist  some  downgradient  trans¬ 
ports  in  the  tropics  at  upper  levels  especially  in  summer  and  at  low  levels  near  the 
equator  also  in  summer,  by  and  large  the  transports  due  to  the  transient  eddies  in 
the  middle  troposphere  are  countergradient.  This  is  most  prominent  at  500  mb, 
the  effect  being  present  as  far  north  as  30°  both  in  summer  and  in  winter.  The  same 
general  action  is  shown  by  the  data  for  the  standing  eddies  in  winter. 

3.  Concluding  Discussion 

The  outlines  of  the  picture  implied  by  the  uphill  eddy  diffusion  may  be  sketched 
tentatively  as  follows. 
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1.  The  countergradient  heat  flow  suggests  that  in  those  levels  and  latitudes 
where  it  exists,  namely  in  the  vicinity  of  500  mb,  the  southward  moving  parcels  are 
warmer  than  average,  while  northward  moving  ones  are  colder— in  spite  of  the  mean 
gradient  of  temperature  and  contrary’  to  simple  mixing  length  notions. 

2.  This  can  happen  if  the  former  ones  subside  so  as  to  increase  their  temperature 
sufficiently  by  adiabatic  heating,  and  conversely  if  the  northward  moving  ones  rise 
enough  to  make  them  enough  colder  than  normal. 

3.  This  correlation  between  northward  and  upward  velocity  components  is  in 
the  same  sense  as  found  in  the  troposphere  farther  north,  but  now  the  difference  is 
in  the  increased  vigour  of  the  adiabatic  effects  vis-a-vis  the  magnitude  of  the  tem¬ 
perature  gradients.  Some  aid  to  understanding  this  is  contained  in  the  simple 
graphical  aids  due  to  Green  [2]  and  Kuo  -4]. 

4.  As  in  the  lower  stratosphere,  we  are  led  to  the  concept  of  a  negative  covariance 
or  correlation  between  upward  motion  and  temperature— a  process  acting  to  con¬ 
vert  eddy  kinetic  to  eddy  potential  and  internal  energy.  This  once  more  is  charac¬ 
teristic  of  a  refrigerating  machine  instead  of  a  heat  engine. 

5.  The  countergradient  heat  transport  has  the  added  significance,  as  in  the 
stratosphere,  of  converting  eddy  available  potential  and  internal  energy  into  mean 
zonal  form,  thus  tending  to  build  up  the  existing  horizontal  temperature  gradient. 

6.  Due  to  the  smallness  of  the  temperature  gradients  and  the  weakness  of  the 
transports,  the  amount  of  energy  involved  in  the  reverse  transformation  is  very 
small  compared  even  with  the  magnitude  of  such  processes  in  the  stratosphere, 
not  to  say  the  main  direct  transformations  in  the  other  parts  of  the  troposphere. 

7.  The  supply  of  eddy  kinetic  energy  to  the  region  in  question  could  easily  be 
supplied  by  transport  mechanisms  from  the  ambient  direct  acting  regions. 

8.  Since  a  small  poleward  transport  of  total  energy  should  take  place  on  the 
average  across  low  latitudes,  judging  from  our  admittedly  crude  knowledge  of 
radiational  exchanges  with  space,  additional  processes  must  be  at  work  in  the 
atmosphere  or  the  oceans. 

9.  It  might  appear  that  the  proposals  made  in  this  paper  are  based  upon  insuf¬ 
ficiently  demonstrated  data.  There  is  of  course  the  possibility  that  more  evidence 
might  nullify  our  expectations  of  corroboration.  However,  we  have  here  an  illus¬ 
tration  of  an  exceedingly  important  point  in  the  practical  approach  to  research  — 
one  that  is  all  too  often  forgotten  or  erroneously  denied  even.  It  is  this— that  many 
new  conceptions  concerning  the  operation  of  the  atmosphere  are  to  be  looked  for  at 
the  borderline  of  measurability.  And  here  (to  make  a  pun)  wise  indeed  is  the  me¬ 
teorologist  who  knows  which  way  the  wind  is  blowing 

10.  Our  colleague,  Mr,  P,  A.  Gilman  [1]  has  made  the  suggestion  independently 
and  on  other  grounds  that  there  .nay  be  a  zone  of  ecjuatorwurd  eddy  heat  transport 
not  only  in  the  tropics  but  also  dose  to  the  pole.  Perhaps  better  evidence  may  be 
forthcoming  in  regard  to  this. 

1 1 .  In  the  measurement  of  the  correlation  between  upward  motion  and  tempera¬ 
ture,  use  is  often  made  of  vertical  motion  computed  by  the  so-called  adiabatic 
method,  as  was  done,  for  example,  by  Jensen  [3].  No  doubt  inaccuracies  are  in¬ 
herent  in  the  eddy  correlations  so  obtained.  However,  much  unjustified  criticism 
has  been  leveled  against  this  method.  It  is,  in  this  technique,  of  prime  importance 
to  carry  along  the  static  stability  as  a  variable  quantity.  If  this  is  not  done,  the 
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elimination  of  the  variability  leads  to  a  false  physical  identification  of  the  main 
quantities  computed.  This  point  will  be  discussed  elsewhere  in  order  to  clarify  the 
not  inconsiderable  amount  of  confusion  which  seems  to  exist. 

12.  According  to  indications  obtained  by  Newell  [8]  from  rocket  soundings, 
there  may  exist  a  layer  in  the  atmosphere  in  the  vicinity  of  55  to  80  km  elevation, 
in  which  the  energy  conversions  proceed  in  the  reverse  sense,  as  in  the  lower  stratos¬ 
phere. 

Table  1 

2 unally  averaged  values  of  the  mean  meridional  transient  eddy  transport  of  heat  in  units  of  degrees 
absolute  meters  per  second  for  yearly  and  seasonal  data  at  specified  latitudes  anting  1950. 

The  levels  are  given  in  millibars 


Level 

v4 

C 

0 

60° 

100 

4-  6.08 

4-  8.82 

200 

4  2.49 

4-  4.49 

300 

+  0.96 

-  0.47 

500 

b  7.33 

4-  7.95 

700 

4-  9.71 

4-  11.34 

850 

4-  9.99 

4-  15.60 

1000 

4-  2.20 

4-  4.58 

100 

4-  0.71 

4-  1-64 

200 

4-  4.91 

4  5.56 

300 

4-  5.55 

4-  3.95 

500 

4-  6.19 

+  5.88 

700 

4-  5.45 

4-  8.84 

850 

4  9.11 

4-  12.76 

1000 

-b  2.56 

+  4.93 

100 

4-  2.90 

■b  8.27 

200 

-  0.39 

-b  2.67 

300 

-  1.35 

f  0.22 

500 

4-  5.85 

4-  6.35 

700 

4-  9,28 

b  14.44 

850 

4-  8.03 

4-  18.00 

1000 

4-  4.85 

4-  4.90 

Yearly  Data 

50" 

45° 

40" 

-b  6.93 

4-  4.23 

4  1.89 

4-  5.99 

4-  6.25 

4-  5.65 

-  0.36 

4-  179 

4-  2.05 

b  6.59 

+  4.59 

4-  2.54 

4  10.48 

4-  7.79 

4-  6.69 

4-  15.94 

4-  13.57 

4  10.79 

4-  6.82 

4-  7.83 

4  7.26 

Summer 

Data 

4-  2.52 

4  1.95 

4-  0.39 

b  7-17 

-b  7.74 

4-  7.52 

b  1.78 

•f  2.35 

4  2.87 

b  5.28 

4-  3.86 

4  2  54 

+  7.61 

f  5.48 

•f  3.73 

4-  11.69 

4-  9. 02 

4-6.16 

+  4.78 

+  4.21 

4  3.70 

Winter  ; 

Data 

4-  9.52 

4  7.25 

•b  6.32 

+  4.53 

4-  6  07 

4-  6.32 

4-  2.29 

4-  3  32 

•b  4.14 

4  6.18 

4-  5.06 

b  3.39 

4-  13.56 

+  10.62 

+  7.03 

4  18.50 

4-  15.93 

4  10.86 

4  6.94 

4-  7.47 

+  6.40 

30° 

20" 

10" 

0" 

4-  1.89 

1.39 

-  0.87 

-  0.67 

4-  3.37 

— 

0.62 

-  1.11 

-  0.25 

4-  1.75 

4- 

0.72 

-  0.27 

-  1.04 

4-  0.16 

0.59 

-  0.74 

-  0.76 

4-  2.39 

+ 

0.48 

-  0.46 

-  0.46 

4-  4.00 

+ 

1.09 

-  0.01 

-  0.49 

4-  4.29 

1.79 

4-  0.46 

-  0.35 

-  0.20 

H 

0.69 

-  0.18 

~  0.11 

4  3.15 

— 

1.34 

-  0.60 

-  0.88 

4-  2.29 

— 

0.26 

-  0.54 

-  0  .62 

-  0.73 

— 

0.52 

-  0.22 

-  0.34 

4-  0.49 

— 

0.68 

-  0.52 

-  0.19 

4-  1-80 

— 

0.29 

-  0.90 

-  0.63 

4-  1.66 

4- 

0.56 

-  0.12 

-  0.39 

•b  2.89 

_ 

0.89 

-  2.49 

-  0.87 

4-  2.46 

— 

1.21 

-  1.89 

-  1.11 

4-  2.44 

4- 

1.08 

-  0.56 

-  1.58 

-  0.25 

— 

1.18 

-  1.28 

-  0.75 

4  3.76 

4 

0.32 

-  0.50 

-  1.12 

b  5.50 

4- 

1.56 

-  0.12 

-  0.95 

4-  3.18 

4 

1.50 

4-  0.32 

-  0.46 

Table  2 

/.anally  averaged  values  of  the  mean  meridional  standing  eddy  transport  of  heal  in  units  of  absolute 
degrees  meter  per  second  for  the  winter  at  specified  latitudes.  The  levels  are  given  in  millibars 


Winter 

Data 

Level 

70° 

60° 

0 

o 

tn 

45° 

40° 

30° 

20° 

10" 

0° 

100 

-  0.74 

4-  0.40 

+  0.58 

4-  0.60 

4-  0.61 

4-  0.77 

-  0.30 

-  0.20 

— 

200 

-  1.48 

4-  0.79 

4  1.17 

4-  1.20 

4-  1.21 

4-  1.54 

-  0.61 

-  0.37 

— 

300 

-  0.13 

4-  5.53 

4-  3.35 

4-  0.20 

4-  0  .14 

4-  0.71 

-  0.65 

-  1.12 

— 

500 

-  0.53 

4-  6.94 

+  5.7! 

4  3.37 

4-  1.56 

-  0.44 

-  0.62 

-  0  47 

— 

700 

-b  4.16 

4-  5.87 

+  4.01 

4-  2.24 

4-  1.46 

-  0.23 

•b  0.05 

-  0.22 

— 

850 

4-  168 

4-  0.62 

+  3.81 

4-  2.05 

+  0.95 

4-  0.24 

0.72 

4-  0.50 

~ 

1000 

4-  5.76 

4  6.49 

b  2.31 

+  1.43 

4  0.15 

-  0.35 

-b  0.43 

4-  6  43 

_ 
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Table  3 

Z anally  averaged  values  of  the  mean  temperature  in  absolute  degrees  for  yearly  and  seasonal  data 
at  specified  latitudes.  The  levels  are  given  in  millibars 


Level 

70” 

60° 

SO” 

Yearly  Data 

45°  40° 

30° 

20® 

10° 

0® 

too 

226.5 

222.6 

218.6 

215.4 

211.7 

205.1 

200.3 

196.3 

194.0 

200 

225.3 

222.7 

220.6 

219.3 

218.0 

216.8 

218.9 

219.6 

220.6 

300 

223.6 

223.8 

227.1 

229.9 

232.4 

236.5 

239.2 

241.3 

242.0 

500 

243.5 

247.3 

252.2 

255.0 

257.7 

262.3 

265.5 

267.3 

269.5 

700 

257  8 

261.9 

266.8 

270  0 

273.1 

277.9 

280.6 

281.6 

282.6 

850 

263.7 

268.2 

273.8 

277.1 

280.4 

285.9 

289.3 

290.8 

291.1 

1000 

265.5 

272.0 

279.0 

282.1 

285.9 

293.3 

298.2 

299.2 

296.1 

100 

228.9 

224.7 

218.8 

Summer 

215  3 

Data 

212.2 

206.0 

201.6 

197  4 

194.5 

200 

226.7 

224.4 

222.1 

220  3 

219.5 

219.0 

218.9 

218.8 

213.3 

300 

226.0 

227.5 

231.1 

233.4 

235.7 

238.9 

240  8 

242.0 

241.4 

500 

247.9 

252.3 

256.6 

259.2 

261.6 

264.7 

266.5 

267.6 

269.0 

700 

262.1 

266.9 

272.0 

274.4 

277.1 

280.4 

282.3 

282.0 

281.3 

850 

269.2 

274.3 

279.5 

282.3 

285.3 

289.7 

291.8 

291.3 

289.4 

1000 

272.2 

278.9 

285.1 

288.2 

291.1 

296.3 

300.4 

299.8 

295.7 

100 

220.5 

220.9 

218.5 

Winter 

215.6 

Data 

211.5 

203.8 

198.7 

194.9 

192.7 

200 

220.4 

220.0 

218.0 

217.0 

215.8 

216.6 

218.9 

220.9 

221.4 

300 

216.7 

219.6 

223.6 

226.1 

228.7 

234.2 

238. 1 

240.8 

242.7 

500 

237.9 

241.4 

246.8 

250.1 

253.3 

260.1 

264.4 

267.1 

268.8 

700 

251.5 

255.8 

261.5 

265.2 

268.8 

275.1 

279.3 

281.3 

282.3 

850 

256.9 

261.2 

268.2 

271.9 

275.9 

282.9 

287.1 

290.3 

291.7 

1000 

254.2 

261.2 

271.4 

276.4 

281.5 

290.5 

295.8 

299.6 

300.0 
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ABSTRACT 

Wind  data  reports*}  nfc  the  eight  pressure  levels  {850,  700,  500,  400,  300,  800,  100  and 
50  mb)  for  121  Southern  Hemisphere  plus  22  Northern  Hemisphere  equatorial  stations 
during  the  calendar  year  1958  has  enabled  us  to  study  the  rate  of  generation  of  the 
kinetic  energy  of  the  mean  tonal  flow.  The  results  indicate  that  the  kinetic  energy  of 
the  mean  zonal  motion  is  maintained  against  frictional  dissipation  to  a  large  extent 
through  a  conversion  of  transient  eddy  kinetic  energy  through  the  action  of  the 
horizontal  wind.  The  generation  of  zonal  kinetic  energy  by  mean  meridional  motion 
through  the  action  of  the  coriolis  force  cannot  be  measured  well  enough,  but  is  probably 
small  as  in  the  Northern  Hemisphere.  The  standing  eddy  transformation  integral 
appears  to  be  unimportant — a  result  which  is  not  true  for  the  Northern  Hemisphere. 
If  the  conversion  of  the  kinetic  energy  of  the  transient  eddies  into  the  kinetic  energy 
of  the  mean  zonal  flow  were  to  cease,  the  atmosphere  of  the  Southern  Hemisphere 
would  be  in  solid  rotation  in  about  2  J  weeks.  This  assumes  a  continuation  of  a  normal 
rate  of  dissipation  during  this  period. 


1.  Introduction 


The  following  notation  will  be  employed: 


In  a  previous  article  of  this  journal  Kuo 
(1951)  derived  the  equation  of  the  balance  of 
zonal  kinetic  energy.  Because  of  the  frag¬ 
mentary  observational  data  available,  his 
computations  of  the  conversion  of  transient 
eddy  kinetic  energy  to  the  kinetic  energy  of 
the  zonal  flow  were  restricted  to  the  North 
American  continent.  Stabr  (1953)  made  similar 
computations  and  in  addition  included  the  term 
involving  the  conversion  of  the  kinetic  energy 
of  the  mean  meridional  motion  to  the  kinetic 
energy  of  mean  zonal  How  through  the  coriolis 
transformation.  His  computations  were  for  the 
entire  Northern  Hemisphere. 

In  this  paper  some  of  the  terms  involved  in 
the  balance  equation  will  be  evaluated  for  the 
entire  Southern  Hemisphere  and  comparison 
will  be  made  for  analogous  studies  for  the 
Northern  Hemisphere.  The  data  employed  in 
this  study  has  been  fully  discussed  in  another 
paper  Obabi  (1963).  To  avoid  repetition  the 
interested  reader  is  directed  to  that  paper. 

1  The  research  in  this  article  has  been  sponsored 
by  the  Air  Force  Cambridge  R^aeareh  laboratory 
under  Contract  AF19{ 604)6108. 

•  Present  address:  Nigerian  Meteorological  Serv¬ 
ice,  Lagos. 


■if. 


xdl  -  time  average  of  x. 


i  r 

[x]  ~  —  }  xdX  =  zonal  average  of  x. 


x'-x-x-  departure  from  time  average, 
x*  ~  x  -  [z]  “  departure  from  zonal  average. 


Using  the  above  notations,  the  equation  of 
balance  of  zonal  kinetic  energy  for  the  hemi¬ 
sphere  of  a  spherical  earth  is  given  by 


'if.S-  £‘*&)c°‘,dld*d’’ 


a 

+  —  [«'< 

dP 


coe  tpdXdydp  (2) 


-  -  f  f  ([«]  ( — —5—  —  £ti*5*J  cos*  <p 
9  J  J  J  Vocoeya? 


coe  tpdXchfdp 


(3) 
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+  "  j"j* [e]  siatpdXdtpdp 
co»Vdidp 


Hemisphere.  This  data  may  be  indirectly  ob- 
^  talned  from  enthalpy  study  of  the  Southern 
Hemisphere  (see  for  example  Jensen,  1961). 
However  preliminary  studies  in  the  Northern 
(B)  Hemisphere,  as  well  as  theoretical  considera¬ 
tions,  indicate  that 


evaluated  at  the  equator 


/[«]  [»]  COS  tp  dX  dm  dp 


(«) 


[tt'ai'3  cos  9 pdldydp 


(2.1) 


is  much  smaller  than 


--  fffwtTd 

9  JJJ 


co sg’dXdmdp, 


(7) 


In  the  above  equation 

a  «•  radius  of  the  earth 
g  -  acceleration  due  to  gravity 
X  -  longitude 
-  latitude 
P  -  pressure 

Pa  “  pressure  at  the  ground 
t  ~  time 

u  ^acosg>{dX/dt)  “eastward  component  of  the 
wind 

v  -  a(d<p[<U)  -  northward  component  of  the 
wind 

to  -dpjdt  -  individual  pressure  change 
Cl  -  angular  velocity  of  the  earth 
/  -  2flain  <p  -  Coriolis  parameter 

**  eastward  component  of  viscous  force  per 
unit  mass 


m- 


i  &  —  ,  \ 

- - -- fliV)  COS  tpjCOSt&didmdp. 

COS' tp  dtp*  / 

(2.2) 


Because  of  this  reason  and  since  vertical  mo¬ 
tions  are  unavailable,  we  shall  evaluate  only 
the  latter  term.  The  integral 


9  J  J  J  \a  cosy  dtp  ) 

\dXdtpdp  (2.3) 

(2.4) 

1,11  [=*«•* 
9  J  J  J  &P\a  V  , 

}dXdtpdp.  (2.5) 

The  integral  (2.6)  is 


In  the  long  terra  average  the  left-hand  side 
of  the  equation  vanishes  since  there  is  no 
progressive  increase  or  decrease  in  the  kinetic 
energy  of  the  mean  zonal  flow  for  the  hemi¬ 
sphere.  We  now  evaluate  each  of  the  terras  in¬ 
volved  in  the  right-hand  side  of  the  equation. 


—  [«]  [uV]  cos  tpdp  (2.6) 

9 

evaluated  at  the  equator.  All  the  three  integrals, 
namely  (2.3),  (2.4)  and  (2.6)  were  evaluated  by 
finite  difference  approximation. 


2.  Evaluation  of  the  integral 

-  f  |*  f[uj  ( - ”i  ~  [uVj  cos’  <f 

g  J  J  J  \a  cos  tp  dtp 

£[u'io']\ 

+  - - 1  cos  waAcUpap. 

dp  J 

This  term  represents  the  conversion  of 
transient  eddy  kinetic  energy  to  the  kinetic 
energy  of  the  zonal  flow.  At  present  there  is  no 
available  data  of  vortical  motion  in  the  Southern 


A.  Winter 

Table  1  shows  the  integrand  of  (2.3).  When 
the  computations  are  performed  by  levels  and 
then  integrated  over  the  entire  hemisphere,  we 
obtain  a  conversion  of  transient  eddy  kinetic 
energy  to  zonal  kinetic  energy.  This  value  is 
9.63  x  10**  orgs/aec. 

When  use  is  made  of  vertically -averaged 
relative  angular  velocity  and  vertically  averaged 
gradient  of  transient  eddy  momentum  flux,  the 
integral  (2.3)  gives  9.89  *  10**  ergs/sec. 

Use  of  the  600-mb  data  alone  for  the  relative 
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Table  1.  Value*  of  the  term 


----  --  (mV]  cos’  w  in  winter  1958. 

C0H  (pdlp 


Multiply  by  4.09  *  I01’  to  obtain  zonal  kinetic  energy  generation  in  erg*  sec-*. 


Lat  .  ‘8 

50  mb 

100 

200 

300 

400 

500 

700 

850 

Vertical 

integral 

80-75 

0.58 

2,27 

20.95 

41.25 

29.9! 

31.48 

1,30 

78.74 

75-70 

17,98 

26.63 

32.80 

59.46 

33.20 

13.60 

9.79 

— 

168.28 

70-65 

-3.74 

40.46 

21.88 

16.55 

33.67 

10.69 

4.92 

-0.94 

121.00 

«&-eo 

-  2,33 

-9.59 

~  39.25 

-  69.92 

—  29,61 

-  23,33 

-  10.66 

-0.81 

-201.68 

60-55 

15.58 

-6.97 

-  153.49 

-  151. SS 

-  95.33 

-28.68 

-21.53 

—  4.81 

-  482.75 

55-50 

23.29 

-58.38 

-  247.28 

-  219.62 

-  164.84 

-  52.08 

-41.86 

-  12.24 

-838.32 

50-45 

3.22 

-  67.53 

-  169.50 

-  203.22 

-  175,60 

-  74.49 

-49.77 

-  19.97 

-  840.32 

45-40 

0-22 

-8LSg 

-  184.30 

-232.10 

-  143,02 

-  66.12 

-22.64 

-  23.10 

-806.05 

40-35 

-6.24 

-  19.54 

-191.20 

-  267.60 

-  129.08 

-  49.72 

-3.20 

2.69 

-681.24 

35-30 

-7.60 

-  5.66 

-24.31 

-  12.29 

4.11 

-  18.61 

-3.28 

—  2.04 

-80.67 

30-25 

-  0.39 

31.72 

108.81 

175.45 

37.27 

10.74 

-  1.06 

-0.02 

369.25 

25-20 

0 

49.37 

194.81 

147.76 

97.88 

17.13 

1.82 

0.34 

506.76 

20-15 

2.52 

25.54 

124.64 

04.23 

37.52 

13.85 

0.31 

0.63 

300.16 

15-10 

-1.14 

10.16 

45.87 

32.93 

4.74 

1.04 

-4.43 

-0.41 

83.25 

10-5 

0.16 

0.51 

5.69 

-  3.12 

-8.12 

-5.48 

-5.02 

—  5.80 

-35.10 

5-0  -  2.06  0.55 

Hemisphere  9.63  *  10“  ergs  sec" 

—  1 3.45 

*i 

-  14.57 

-13.61 

-7.18 

-  1.68 

-6.14 

-  70.79 

angular  velocity  and  transient  eddy  momentum  the  com 
shear,  assuming  these  to  be  representative  of  integral 
the  average  for  the  atmosphere  resulted  in  the  sphere  t 
quantity  10.02  *  10“  ergs  sec-*.  The  ' 

Table  2  shows  the  integrt.  -  J  of  (2.4).  When  tr&nspoj 

- ,  8 

Table  2.  Values  of  the  term  [mV]  cos  tp  — 

dip 

Multiply  by  2.61  *  I0W  to  obtain  zonal  kinetic  eni 

putation  is 
ed  througl 
vc  obtain  ( 
use  of  vei 
rt  and  a 

/  [*]  \ 

i  performed  by  levels  and  then 
hout  the  mass  of  the  hemi- 
1.41  x  10”  ergs  seo"1. 
rtically-averaged  momentum 
vertically-averaged  shear  in 

in  winter  1958. 

tioa  in  erg*  sec-1. 

\a  cos  <pj 

srgy  genera 

Lat.  "S 

50  mb 

100 

200 

300 

400 

500 

700 

850 

Vertical 

integral 

80-75 

0 

0 

0.35 

-0.31 

-  1.20 

-0.39 

0.07 

-1.22 

75-70 

0.21 

0.29 

1.39 

2.30 

0.69 

0.74 

0.94 

— 

8.88 

70-65 

0.25 

0.98 

3.06 

4.67 

3.77 

2.35 

1.75 

1.70 

20.75 

65-60 

-0.03 

0.42 

1.73 

3.51 

3.34 

1.49 

1.66 

1.40 

17.16 

60-55 

-0.67 

-0.89 

0.02 

0.10 

0.78 

-0.01 

0.68 

0.76 

2.48 

55-50 

-  1.86 

-0.96 

6.25 

4.06 

0.60 

0.07 

-0.03 

0.11 

9.02 

50-45 

-2.34 

2.11 

13.68 

12.33 

3.09 

1.16 

1.03 

0.09 

32.67 

45-40 

-  1.68 

2.17 

-  1.30 

-  3.87 

7.62 

3.70 

2.92 

1.29 

16.28 

40-35 

-0.72 

-  1.90 

-  18.47 

-  14.21 

4.45 

4.57 

3.57 

2.12 

-  12.32 

35-30 

0.07 

-1.04 

-  12.15 

-  7.43 

5.70 

4.88 

3.34 

1.83 

2.87 

30-25 

0.34 

3.63 

22.67 

19.45 

11.97 

5.06 

2.53 

1.56 

72.59 

25-20 

0.25 

3.69 

31.06 

28.83 

12.16 

4.97 

2.20 

1.40 

89.46 

20-15 

0.34 

0.55 

17.11 

21.64 

11.93 

6.04 

2.09 

1.77 

66.54 

15-10 

0.28 

-  1.17 

5.28 

9.46 

6.61 

2.67 

0.90 

0.04 

26.34 

10-5 

-0.62 

-  1.21 

-0.95 

1.88 

2.95 

0.68 

0.17 

-  0.56 

2.44 

5-0 

-0.80 

-0.97 

-3.97 

-0.70 

0.40 

-0.03 

0.02 

-0.18 

8.01 

Hemisphere  9.41  *  10”  ergs  sec-1 
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a,  o.  r.  quasi 


Tabu:  3.  Values  of  the  terms  shown  below  at 
the  equator  in  winter  1958. 

Unite  are  in  m*  sec-*. 


Pleasure  ia  mb 

{« [«V] 

50 

-8,78 

-0.44 

100 

-5.56 

-3.00 

200 

-44.  OS 

-8.13 

300 

— 18.24 

-  0,32 

400 

5.19 

0.47 

500 

—  4.94 

-1.10 

700 

0.36 

-1.54 

850 

4.26 

-  0.07 

Vertical  integral 

10"  eiga  sec-1 

-047 

-0,06 

evaluating  the  same  integral  gives  9,57  *  10" 
ergs  sec-*. 

If  one  usee  the  500-mb  data  alone  for  the 
momentum  flux  and  shear,  assuming  them  to 
be  representative  of  the  average  for  the  hemi¬ 
sphere  one  obtains  9.61  x  I0M  ergs  sec"1. 

Table  3  shows  the  values  of 

2 jta  — 

—  [u]  [uV]  cos  <p 

g 

at  the  equator.  Computations  by  levels  of  this 
expression  gives  a  vertical  integral  of  0.27  *  10" 


ergs  aeo-*.  If  one  uses  the  vertically -averaged 
transient  eddy  momentum  flux  and  the  verti¬ 
cally-averaged  zonal  motion  at  the  equator,  one 
obtains  0.13  x  10"  vrga  sec-*.  If  one  assumes 
.the  500-mb  level  data  to  be  representative  of 
the  entire  column  of  the  atmosphere  above  the 
equator,  one  obtains  0.20  x  10"  ergs  sec'1. 

Assuming  that  the  integration  by  levels  ia 
much  more  accurate  one  obtains  9.63  *  10" 
ergs  sec  '1  for  integral  (2.3)  and  9.68  *  10"  erg 
see'1  for  the  suns  of  integrals  (2.4)  and  (2.6).  A 
difference  of  0.08  x  10’*  erg  aec":  ia  the  difference 
in  the  truncation  error. 

B.  Summer 

Table  4  shows  the  integrand  of  (2.3).  When 
one  integrates  over  the  entire  mass  of  tho 
hemisphere  one  obtains  9.72  x  10"  ergs  see-1. 

If  use  is  made  of  the  vertically-averaged 
relative  angular  velocity  and  vertically -aver¬ 
aged  shear  of  transient  eddy  momentum  flux, 
the  integral  (2.3)  becomes  9.04  *  10"  ergs  sec-1. 

If  one  ass um ce  that  the  500-mb  relative 
velocity  and  momentum  flux  shear  are  repre¬ 
sentative  of  the  average  for  the  entire  atmo¬ 
sphere,  tho  integral  results  in  8.53  x  10"  ergs 
sec-5. 

Table  5  shows  the  integrand  of  (2.4).  Using 
this  table  which  gives  the  integrand  by  level 


Table  4.  Values  of  the  term  — -  —  [«'«>']  cos*  tp  in  summer  1958. 

a  cos  qp  dip 


Multiply  by  2.61  x  10"  to  obtain  zonal  kinetic  energy  generation  in  ergs  sec'1. 


Lat.  °8 

50  mb 

100 

200 

300 

400 

600 

700 

850 

Vertical 

integral 

80-75 

1.02 

0.46 

1.28 

1.72 

0.90 

0.26 

-0.22 

__ 

5.15 

75-70 

1.86 

1.52 

1.08 

1.64 

1.36 

0.81 

-0.10 

— * 

7.72 

70-65 

1.38 

0.64 

-  4.77 

-5,72 

-0.89 

-0.61 

-0.08 

-0.19 

-11.15 

65  60 

0.75 

-4.16 

-  15.60 

-  15.33 

-5.10 

-4.02 

-  1.85 

-0.07 

-  48.02 

60-55 

-3.03 

-8.27 

-  29.53 

-  24.49 

-11.51 

-7.82 

-5.17 

-2.10 

-99.50 

55-50 

3.15 

-9.20 

-42.13 

-33.34 

-  15.98 

-8.34 

-7.51 

-6.41 

-  141.08 

SO— 45 

-0.71 

-  5.69 

-39.16 

-  34.42 

-  17.07 

-4.85 

-  1.92 

-5.35 

-  118.12 

45-40 

-0.13 

-0.54 

-  30.30 

-  23.46 

-9.12 

-2.45 

-  0.73 

0.31 

-  67.63 

40-35 

0.06 

-5.01 

-  22.34 

-  1.62 

-  1.96 

-  2.94 

-1.18 

2.37 

-  30.78 

35-30 

-0.52 

-8.62 

8.22 

13.48 

1.71 

-1.60 

-0.40 

0.73 

13.10 

30-25 

-0.48 

-4.27 

26.23 

14.52 

1.82 

-0.91 

0.47 

0 

38.47 

25-20 

-0.37 

2.00 

26.47 

11.42 

6.66 

-0.11 

-0.28 

0.19 

44.76 

20-15 

0.03 

3.19 

15.54 

7.07 

2.85 

0.58 

0 

0.27 

29.35 

15-10 

0.88 

1.11 

5.70 

2.72 

1.23 

0.58 

-0.27 

0.06 

11.52 

10-5 

2  39 

0.1 1 

-0.54 

0.25 

0.I9 

-0.38 

-0.45 

-0.86 

-  1.59 

5-0 

-0.26 

0.08 

-0.63 

-0.02 

-0.14 

-0.81 

-0.44 

-0.84 

-  4.79 

Hemisphere  9.72  x  10"  ergs  sec- 

1 

Tellus  XVII  (1965),  1 


-454- 


ON  THE  MAINTENANCE  OF  THE  KINETIC  ENERGY 


-  .  8  /  Nil  \ 

Table  5.  Value*  of  the  term  fnVl  cos  e? —  { - ]  in  summer  1968. 

Multiply  by  2.61  x  10'*  to  obtain  zonal  kinetic  energy  generation  in  ergs  sec"1. 


Vertical 

50  mb  100  200  300  400  600  700  8*0  integral 


80-76 

0.07 

0.03 

0,58 

1.02 

0.27 

0.26 

0.08 

— 

2.25 

76-70 

0.20 

0.23 

1.09 

2.29 

0.99 

0.76 

0.23 

— 

6.10 

70-66 

-  0.07 

0.48 

0.56 

1.04 

1.66 

0.93 

1.03 

0.81 

8.73 

66-60 

-  0.61 

0.00 

-0.98 

0.65 

0.68 

0.36 

0.48 

1.1# 

2.79 

60-63 

0.79 

0.22 

--1.19 

-  0.89 

-0.51 

-0.89 

-1.10 

0.07 

6.24 

66-60 

0.16 

1.18 

4.08 

2.61 

-0.87 

-0.87 

-0.56 

-1.07 

2.44 

60-46 

9.94 

2.76 

9.73 

6.22 

0.68 

0.85 

2.74 

0.80 

27.41 

46-40 

M2 

1.64 

9.74 

16.28 

5.87 

0.46 

5.07 

3.58 

57.66 

40-35 

0.80 

1.01 

10.14 

15.00 

8.20 

5.32 

4.81 

3.70 

59.99 

36-30 

0.63 

3.61 

12.90 

13.74 

8.47 

5.60 

4.01 

1.97 

57.91 

30-26 

0.18 

7.58 

24.30 

16.03 

8.74 

5.25 

3.17 

M2 

69.82 

26-20 

-0.01 

8.50 

18.48 

9.27 

5.83 

4.43 

1.74 

0.39 

50.96 

20-16 

0.01 

5.61 

9.16 

4.12 

2.93 

2.99 

0.93 

0.13 

26.83 

16-10 

-0.07 

2.33 

2.35 

0.57 

1.49 

2.05 

0.32 

-0.05 

9.63 

10-5 

0.96 

0.50 

0.45 

-0.35 

0.43 

0.94 

0.18 

0.10 

2.13 

6-0 

-1.70 

-0.07 

0.65 

-0.16 

0.02 

0.25 

0.01 

0.13 

0.23 

Hemisphere  9.86  x  1 0**  ergs  nac"‘ 


one  obtains  a  value  of  9.86  *  I0*°  erg  sec"’.  If 
use  is  mado  of  the  vertically-averaged  transient 
eddy  flux  of  momentum  and  vertically-aver¬ 
aged  shear  of  relative  angular  velocity,  the 
integral  (2.4)  becomes  8.99  x  1 0**  ergs  sec"’. 

Use  of  the  500-mb  data  alone  for  the  transient 
eddy  flux  of  momentum  and  relative  velocity 
shear  gives  a  value  of  8.68  x  10**  ergs  sec'1. 

Table  6  shows  the  values  of 

2 jva - 

- [u]  (uVJ  cos  <p 

S 

at  the  equator.  Computation  by  level  of  this 
expression  givee  a  vertical  integral  of  0.03  *  10** 
ergs/sec.  If  one  usee  a  vertically -averaged 
transient  eddy  flux  of  momentum  and  a 
vertically -averaged  zonal  motion  at  the  equator, 
one  obtains  -0.03x10**  ergs  sec-1.  The  use 
of  the  500-mb  data  alone,  assuming  this  to  be 
representative  of  the  average  of  the  atmospheric 
column  over  the  equator,  gives  a  value  of  0.10  * 
10”  ergs  see-1. 

Assuming  the  computation  by  levels  to  be 
more  representative,  one  obtains  a  value  of 
8.72  x  10**  ergs  sec**  for  the  left  hand  side  of 
(2)  and  a  value  of  9.88  x  10**  ergs  sec'1  for  the 
right  hand  side.  The  difference  -0.17x10** 
ergs  sec*1  is  the  difference  in  the  truncation 
errors. 
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C.  Approximation  of  the  term  for  the 
Northern  Hemisphere 

s/JJfuV1  cos'%k^)  di<hdp‘ 

In  order  to  have  better  appreciation  for  the 
generation  of  zonal  kinetic  energy  by  the 
transient  eddies,  we  include  in  this  section  the 
results  obtained  in  the  Northern  Hemisphere. 

This  integral  has  been  evaluated  by  using 
Buch’s  yearly  values  of  [0]  and  [«V]  for  the 
Northern  Hemisphere. 


Table  6.  Values  of  the  terms  shown  below  at  the 
equator  in  summer  1958. 

Units  are  in  m*  sec**. 


Pressure  in  mb 

r«] [«•*•] 

50 

0.39 

-0.05 

100 

-2.13 

-  0.87 

200 

-5.12 

-  12.08 

300 

0.70 

-0.71 

400 

-0.71 

-1.75 

600 

0 

-0.36 

700 

-  1.69 

0.09 

850 

0 

8.03 

Vertical  integral 

10**  ergs  sec*1 

-0.03 

-0.00 
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When  the  integration  was  performed  by 
levels  a  value  of  4.84  *  10**  ergs  sec*1  was 
obtained.  This  value  is  to  be  compared  with  the 
mean  of  summer  and  winter  for  the  Southern 
Hemisphere,  namely,  9.63  x  10**  ergs  sec'1. 

If  use  is  made  of  the  vertically-averaged 
transient  eddy  momentum  flux  and  vertically- 
averaged  shear  of  the  relative  angular  velocity, 
one  obtains  4.58  *  10*°  ergs  sec-1,  the  cor¬ 
responding  value  for  the  Southern  Hemisphere 
is  9.28  x  10”  ergs  sec*1. 

If  one  uses  the  500-mb  data  alone,  and  as¬ 
sumes  this  to  be  representative  of  the  mean 
for  the  atmosphere,  tlten  one  obtains  a  value  of 
4.95  x  10*®  ergs  sec"1  for  the  Northern  Hemi¬ 
sphere,  as  compared  to  9.09  x  10”  ergs  sec-1 
for  the  Southern  Hemisphere. 

Using  the  following  sources  of  data: 

(a)  the  first  six  months  of  the  year  1950, 

(b)  the  second  six  months  of  tho  year  1950, 

(c)  One  month  of  data  (January  1949) 
published  by  Mintz,  Stars  (1953)  evaluated  an 
integral  approximately  similar  to  (2.4)  for  tho 
Northern  Hemisphere.  Using  vertically  aver¬ 
aged  winds  and  transports,  the  data  (a)  gives 
4.2  x  10”  ergs  see-1  tho  data  (6)  gives  4.6  x  10*° 
ergs  sec-*  and  (c)  gives  10.5  x  10*“  ergs  sec.-*. 

Evaluation  of  the  integrand  at  individual 
levels  before  integration  yields  for  data  (a) 


3.9  x  1010  data  (5)  5.5  x  10*°  and  data  (c)  9.8  x 
10**  ergs  see-1. 

Starr  also  used  more  elaborate  methods  in 
evaluation  of  the  integral,  namely  by  days  and 
levels,  but  the  results  wore  similar  to  the  above 
values. 

3.  Evaluation  of  the  integral 

-  f  f  f[«3  (  ’  -  cos’  p 

St  J  J  J  \o  COS  p  3p 

d  —  V 

f  *1J  coe  V  d?- <*<P dp. 

This  term  represents  the  conversion  of  stand¬ 
ing  eddy  kinetic  energy  to  the  kinetic  energy 
of  zonal  motion.  From  Burges’s  (1958)  scale 
analysis  we  conclude  that 

1  a  „  ,  8  — 

- - - cos  p  and  — [u*w*] 

a  cos  p  dtp  dp  ' 

are  of  the  same  order  of  magnitude.  Although  it 
is  realised  that  by  using  the  continuity  equation 
one  can  obtain  the  to  and  at*  and  so  compute 
tho  vertical  transport  of  zonal  momentum  by 
the  standing  eddies,  because  of  the  labour 


[u]  8  -  . 

Table  7.  Values  of  the  term  - - —  —  [u*t>*J  cos  p  in  winter  1958. 

a  cos  p  dtp 

Multiply  by  2.61  x  I01,-to  obtain  zonal  kinetic  energy  generation  in  ergs  sec-1. 


Lat. 

50  mb 

100 

200 

300 

400 

500 

700 

850 

Vertical 

integral 

80-75 

1.74 

1.42 

0.01 

-0.47 

-  0.52 

-0.56 

0.11 

0.43 

75-70 

4.11 

1.70 

0.78 

0.09 

0.42 

-  0.31 

-0.11 

4.05 

70-65 

2.00 

0.46 

1.70 

0.23 

0.01 

0.64 

0.44 

-0.15 

5.42 

65-60 

-5.38 

-  0.40 

-0.28 

-0.95 

0.20 

1.35 

0.27 

0.41 

-2.57 

80-55 

-  5.76 

-  5.34 

-0.04 

1.02 

0.62 

0.03 

0.37 

0.21 

-12.87 

55-50 

6.29 

1.46 

4.94 

3.55 

3.12 

2.31 

1.24 

0.34 

23.83 

50-45 

5.11 

0.87 

0.63 

-  1.93 

3.30 

0.10 

0.4- 

-0.13 

7.07 

45-40 

-  0.24 

0.31 

-6.66 

-  1.80 

-4.24 

-0.33 

-0.6 

-  0.93 

-16.87 

40-35 

-  1.96 

0.23 

-4.18 

-  1.53 

-  4.05 

-  1.44 

0.15 

-  0.06 

-13.10 

35-30 

-  0.55 

1.94 

10.03 

0.23 

-0.01 

0.05 

1.66 

0.28 

14.91 

30-25 

-0.07 

3.12 

7.01 

2.80 

2.40 

-0.29 

-  0.35 

0.00 

13-43 

25-20 

0.00 

0.63 

-6.96 

0.23 

0.31 

-0.66 

-0.68 

0.12 

7.87 

20- (6 

-0.10 

-0.35 

0.21 

-  0.19 

-0.26 

0.06 

-0.01 

0.05 

-  0.39 

15-10 

0.07 

0.49 

2.76 

0.08 

0.10 

0.03 

0.41 

1.47 

5.28 

10-5 

-  0.01 

0.13 

0.08 

0.01 

0.00 

0.15 

-  0.43 

-2.00 

-5.00 

5-0 

-  0.06 

-  0.14 

0.07 

0.01 

0.14 

0.18 

0.54 

0.22 

1.80 

Hemisphere 

0.44  x 

10**  ergs  see 

•1 
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Table  8.  Values  of  the  term  [u*v*]  cos  w  —  ( — - 1  in  winter  195S. 

\a  cos  9 »/ 


Multiply  by  2.61  x  10'*  to  obtain  zonal  kinetic  energy  generation  in  ergs  sec-1. 


bat. 

50  mb 

100 

200 

300 

400 

500 

700 

860 

Vertical 

integral 

80-75 

0.16 

0.02 

0.00 

0.00 

0.12 

0.11 

-0.06 

0.36 

75-70 

0.72 

0.30 

0.04 

-  0.06 

-  0.07 

-  0.20 

0.42 

0.04 

70-65 

0.79 

0.50 

0.33 

-0.08 

-0.31 

-0.43 

-0.44 

-0.78 

-  1.00 

65-70 

0.00 

0.23 

0.35 

-0.11 

-0.26 

-0.10 

-0.26 

-0.15 

-  0.58 

60— G  5 

-0.35 

-0.19 

0.00 

0.00 

-0.07 

0.00 

-0.14 

0.20 

-0.26 

55  50 

0.84 

0.10 

0.15 

-  0.26 

0.04 

-  0.08 

-  0.02 

0.18 

0.34 

50-45 

-2.74 

-0.26 

-  0.53 

-  0.47 

-0.34 

0.27 

-0.03 

-0.05 

-  4.15 

45-40 

-  2.71 

-  0.13 

-0.02 

o.oi 

-0.41 

-  0.38 

-0.02 

-  0.12 

-3.43 

40-36 

1.05 

0.07 

-1.10 

-0.26 

0.09 

-0.16 

0.05 

0.04 

-2.16 

36-30 

-0.18 

0.09 

-0.50 

-0.15 

0.27 

-  0.02 

-  0.32 

-  0.06 

-  1.18 

30-25 

0.05 

-0.78 

-0.60 

0.21 

0.34 

0.01 

-0.42 

-0.13 

-1.62 

25-20 

0.09 

-  1.97 

-0.65 

-0.08 

0.07 

0.18 

-0.02 

0.03 

-  1.76 

20-15 

0.04 

1.62 

0.67 

0.07 

0.13 

0.36 

0.35 

0.22 

1.31 

15-10 

-0.01 

-  1.07 

-0.89 

-0.06 

0.06 

0.13 

0.08 

0.01 

-1.34 

10-5 

-0.03 

-0.37 

-  1.40 

-  0.05 

0.06 

-0.11 

-0.11 

-  0.16 

-  2.54 

6-0 

-0.02 

-  0.34 

-  1.01 

-  0.02 

0.00 

-0.05 

-  0.05 

0.02 

-  1.43 

Hemisphere 

-  0.53  x 

10“  ergs- 

-sec-1 

involved  arid  the  probable  insignificance  of  the 
standing  eddies  in  the  Southern  Hemisphere, 
no  effort  has  been  made  to  compute 


d 

dp 


The  integral 


”  f  f  US3-  —  cos*  if  J  d,Xd<pdp  (3.1) 

I  J  J  J  \a  eos  <pd<p 


8*9^  . 


'  -  JIM‘1  il,k‘dr 


(3.2) 


-Mh 


f «] 


cos  9> 


[n*v*j  cos’  95  J  dAcUpdp. 


(3.3) 


Integral  (3.3)  is  equivalent  to  the  value  of 

C  2  net  — 

I  —  [ti]  [u*e*j  cos  <pdp 
J  9 

at  the  equator. 

Three  different  methods  were  again  used  in 
evaluating  the  above  integrals. 


(а)  Computing  the  integrand  at  each  level 
and  finally  integrating  throughout  tho  entire 
mass  of  the  hemisphere. 

(б)  Using  the  vertically -averaged  standing 
eddy  transport  of  momentum  and  the  vertically- 
averaged  relative  angular  velocity. 

(c)  Using  the  500-mb  data  alone  and  as¬ 
suming  this  to  be  representative  of  the  mean  for 
the  atmosphere  of  the  hemisphere. 

A.  Winter 

Table  7  shows  tho  integrand  of  (3.1).  When 
use  is  made  of  method  (o)  one  obtains  -  0.44  x 
10”  ergs  sec*1.  Method  ( b )  gives  -0.13  *  10” 
ergs  sec-1,  while  (c)  gives  -0.27  x  10“  ergs  sec-1. 

Using  the  same  methods  for  integral  (3.2) 
(see  Table  8)  method  (a)  gives  -0.63  *  10*“ 
ergs  sec-1;  (6)  gives  -0.16  •<  10”  ergs  sec-1  and 
(c)  gives  -0.23  *  10”  ergs  sec-1. 

The  integral  (3.3)  gives  for  these  three 
methods  the  values  0.06,  0.05  and  0.04  x  10’® 
ergs  sec-1  respectively. 

B.  Summer 

Table  9  shows  the  integrand  of  (3.1).  When  use 
is  made  of  method  (a)  one  obtains  -  0.05  x  10“ 
ergs  sec-1.  Method  (6)  gives  -  0.31  x  10”  ergs 
sec-1,  while  (c)  gives  -  1.51  x  10*®  ergs  sec-1. 
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Table  9.  Value*  of  the  term  — — - ooe*  a  »n  rummer  19S8. 

aeoetpfy 


Multiply  by  2.61  *  10**  to  obtain  tonal  kinetic  energy  generation  in  erg*  *ec~'. 


Lot.  “S 

50  mb 

100 

200 

300 

400 

500 

700 

860 

Vertical 

integral 

80-75 

0.03 

0.01 

-0.19 

-0.37 

-0.17 

-0.20 

0.04 

-0.97 

75-70 

0.04 

0.02 

-0.34 

-0.53 

-0.40 

-0.45 

-0.16 

-  2.06 

70-65 

-0.03 

0.09 

-0.18 

-0.27 

-0.61 

-0.68 

-0.69 

-0.08 

-3.14 

65-60 

-0.28 

0.02 

0.00 

-0.07 

-0.30 

-1.16 

-0.85 

-0.10 

-3.88 

60-55 

-0.12 

-0.02 

0.01 

0.00 

0.04 

-0.86 

-0.19 

0.05 

-1.66 

55-50 

0.47 

-0.11 

-0.11 

-0.16 

0.14 

-0.09 

0.00 

-0.03 

-0.06 

60-45 

0.70 

-0.37 

-0.72 

-0.81 

-0.1 1 

-0.16 

-0.13 

0.04 

-1.76 

45-40 

0.46 

-0.28 

-1.04 

-2.35 

-0.60 

-  1.20 

-0.46 

0.16 

-6.08 

40-35 

0.33 

-0.21 

-0.71 

-1.51 

-0.37 

-1.09 

-  0.53 

0.17 

-4.67 

35  30 

0.26 

-0.28 

-0.03 

-0.05 

0.20 

-0.61 

-0.57 

0.07 

-1.64 

30-25 

0.05 

-0.56 

2.09 

1.80 

1.01 

-0.05 

-0.38 

-  0.04 

3.69 

25-20 

0.00 

-0.07 

3.CS 

2.07 

1.36 

0.23 

-0.01 

-0.03 

6.72 

20-15 

-0.01 

0.53 

1.97 

1.59 

1.08 

0.21 

0.14 

0.00 

5.69 

15-10 

-0.42 

0.36 

1.76 

0.96 

0.59 

-0.12 

0.09 

0.00 

3.22 

10-5 

-0.41 

0.02 

1.64 

0.43 

-0.04 

-0.04 

0.05 

0.03 

1.96 

5-0 

-0.02 

-0.01 

1.61 

0.18 

-0.22 

0.00 

0.03 

0.20 

1.96 

Hemisphere  -  0.70  x  10'*  erg*— sec'* 
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Buch’s  yearly  data  of  ( k  "'v *]  and  [fi]  for  the 
Northern  Hemisphere  give  for  the  integral  (3.1) 
the  value  0.88  x  10“  ergs  sec-1  for  method  (a), 
0.80  x  10“  ergs  sec"'1  for  method  (b)  and  1.02  x 
10”  by  method  (e). 

We  therefore  arrive  at  the  important  con¬ 
clusion  that  while  the  standing  eddies  play  an 
insignificant  role  in  the  maintenance  of  the 
kinetic  energy  of  zonal  motion  in  the  Southern 
Hemisphere,  the  generation  of  the  zonal  kinetic 
energy  by  these  eddies  in  the  Northern  Hemi¬ 
sphere  is  of  significance. 

The  intergrala  4  to  6  involve  the  mean  me* 
ridional  motion.  Owing  to  the  difficulty  in  tbo 
measurement  of  [ v ]  because  of  the  presence  of 
spurious  effects,  it  was  decided  that  the  values 
could  not  be  used  in  further  computations. 


4.  Evaluation  at  the  equator  of  the  integrals 


-  J*J* [«!  [uV)  cos  tpdldp 

(4.1) 

and 

a  rr 

-  |  I  [ti]  [w*r*]  cos  ipdXdp. 

(4.2) 

g 


These  two  integrals  evaluated  at  the  equator 
are  a  measure  of  interhemispheric  exchanges  of 
zonal  kinetic  energy  due  respectively  to  tran¬ 
sient  and  standing  eddies  and  are  therefore  ft 
measure  of  a  certain  interaction  between  the 
two  hemispheres. 

A.  Winter 

Integral  (4.1)  gives  0.27  x  10“  ergs  sec-1  while 
integral  (4.2)  gives  0.06  *  10”  ergs  sec"1.  For 
further  details  about,  the  stress  integrals,  see 
Table  3. 

B.  Summer 

Integral  (4.1)  gives  -0.03x10“  ergs  sec-1 
while  integral  (4.2)  gives  0.00  x  10“  ergs  sec'"1. 
For  further  details  about  the  stress  integrals, 
see  Table  6. 

5.  Nature  and  importance  of  transient 
eddies 

The  total  relative  mean  zonal  kinetic  energy 
of  the  Southern  Hemisphere  is  18.93  >;  <0“  ergs 
during  the  winter.  The  corresponding  summer 
value  is  9.87  x  10”  ergs. 

Tellus  XVII  (1965),  1 


Fio.  1.  The  full  curve  gives  the  relative  angular 
velocity  in  lO-’  see-1  ae  function  of  latitude.  The 
dashed  curve  gives  the  transient  eddy  flux  of  relative 
angular  momentum  in  10**  g  cm*  see-*.  The  curves 
are  for  winter  1958. 

Discussions  of  the  previous  sections  have 
shown  that  the  transient  eddies  are  the  major 
producers  of  zonal  kinetic  energy.  If  these  eddies 
cease  to  produce  zonal  kinetic  energy,  the  at¬ 
mosphere  of  the  Southern  Hemisphere  will  be 
in  solid  rotation  with  the  earth,  in  about  2} 
weeks,  assuming  normal  rates  of  dissipation. 
Similar  computations  by  Starr  (1963)  for  the 
Northern  Hemisphere  show  that  it  will  take 
about  2  weeks  for  the  atmosphere  of  that  hemi¬ 
sphere  to  be  in  solid  rotation  with  the  earth. 
Because  of  the  obvious  importance  of  these 
eddies,  it  is  of  interest  to  examine  further  some 
of  their  properties. 

The  solid  curves  of  Figs.  1  and  2  give  the 
distribution  with  latitude  of  the  angular  velocity 
relative  to  the  earth,  averaged  with  respect  to 
pressure  and  time.  Fig.  1  denotes  the  situation 
in  winter  while  Fig.  2  denotes  the  condition  in 
summer. 

From  these  profiles  the  effect  of  true  lat¬ 
eral  friction  would  be  to  retard  the  zones  of 
most  rapid  rotation  and  to  increase  the  angular 
velocity  of  the  loss  rapidly  rotating  ones,  so  as 
to  cause  the  whole  to  assume  a  more  nearly 
uniform  angular  velocity.  This  means  that 
lateral  friction  would  then  cause  a  flow  of 
angular  momentum  southward  and  also  north¬ 
ward  away  from  the  zone  of  most  rapid  rotation . 

The  dashed  curves  in  the  two  figures  show 
the  transient  eddy  angular  momentum  trans¬ 
ports  in  summer  and  winter.  These  curves  show 
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Fig.  2.  The  curves  shew  the  situation  (or  summer 
1958.  The  full  curve  gives  the  relative  angular  velo¬ 
city  in  ’0“’  aec-1  as  function  of  latitude.  The  dashed 
curve  gives  the  transient  eddy  flux  of  relative 
angular  momentum  in  10“  g  cm*  sec-*. 


Fio.  3.  Production  of  zonal  kinetic  energy  using 
mean  wind  and  transient  eddy  transport  of  relative 
angular  momentum.  The  full  curve  represents  the 
situation  in  winter  while  the  dashed  curve  represents 
the  summer  condition.  The  units  are  in  10“  ergs 
see"’. 
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1958  Southern  Hemisphere. 


W  —  Winter 
S  —  Summer 

M  —  Winter  and  Summer  moan 
N  =  Yearly  mean  using  Buch’s  data  1950  for  the  Northern  Hemisphere. 

Units  are  in  10“  ergs  sec-1. 


Method 

Transient  eddies 

Standing  eddies 

All  eddies 

I 

II 

III 

I 

II 

nr 

I 

II 

III 

Meta  profiles 

vr 

9.99 

9.67 

0.13 

-0.13 

-0.16 

0.05 

9.76 

9.41 

0.18 

oi  zonal 

s 

904 

8.99 

-0.03 

-0.31 

-0.16 

-0.10 

8.73 

8.83 

-0.13 

wind  and  momentum 

M 

9.46 

t».23 

0.05 

-0.22 

-  0.16 

-0.02 

9.12 

6.12 

0.03 

transport 

N 

4.35 

4.55 

— 

0.80 

0.80 

— 

5.15 

6.35 

— 

Integration 

W 

9.63 

9.41 

0.27 

-0.44 

—  0.53 

0.06 

9.19 

8.88 

0.3S 

by  levels 

s 

9.72 

9.86 

0.03 

-  0,05 

-  0.07 

0.00 

9.37 

9.79 

0.03 

M 

9.87 

9,6a 

0.15 

-0.25 

-  0.30 

0.03 

9.42 

9.33 

0.18 

N 

5.84 

4.84 

— 

0.88 

0.87 

— 

6.72 

6.71 

— 

Using  500  mb  data 

W 

10.02 

9.61 

0.20 

-0  27 

-  C.23 

0.04 

9.76 

9.38 

0.24 

only 

s 

8.63 

8.58 

0.00 

-  1.51 

-  1.61 

0.02 

7.02 

6.97 

0.02 

M 

9.27 

9.09 

0.10 

-  0.89 

-  0.92 

0.03 

8.38 

8.17 

0.13 

N 

8.10 

4.95 

— 

1.02 

(1.85 

— 

7.12 

6,80 

— 
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that  there  exists  a  strong  poleward  oddy  trans¬ 
port  of  angular  momentum  towards  the  regions 
of  maximum  rotation.  This  state  of  affairs  is 
contrary  to  classic  eddy  viscosity  concepts  and 
is  compatible  with  them  only  if  one  assumes 
negative  virtual  viscosity  coefficients. 

The  net  influence  of  this  observed  property 
of  the  transient  eddies  is  to  increase  the  kinetic 
energy  of  zonal  motions.  Except  for  the  equa¬ 
torial  boundary  term,  the  rate  of  generation  of 
the  kinetic  energy  of  the  zonal  motion  is  the 
mass  integral  of  the  product  of  eddy  flux  of 
momentum  into  the  shear  of  relative  angular 
velocity.  This  quantity  can  then  easily  be 
measured  from  Figs.  1  and  2.  The  areas  under 
the  curves  of  Fig.  3  measure  the  production  of 
zonal  kinetic  energy.  The  full  curve  is  for 
winter  and  the  dashed  curve  for  summer.  In 
each  case  the  total  area  for  the  hemisphere  is 
positive  by  a  wide  margin. 

9.  Summary  of  results 

Table  11  shows  certain  terms  in  the  balance 
equation  of  the  rate  of  generation  of  the  kinetic 
energy  of  mean  zonal  flow.  The  preeminent 
importance  of  the  transient  eddies  as  major 


sources  of  the  kinetic  energy  of  the  mean  zonal 
flow  ia  apparent. 

In  comparing  the  results  in  Table  11  with 
previous  computations  given  by  Starr  and 
others,  it  appears  that  the  rate  of  conversion  of 
eddy  kinetic  energy  to  the  kinetic  energy  of 
mean  zonal  flow  is  about  twice  as  raueh  in  the 
Southern  Hemisphere  as  in  the  Northern  Hemi¬ 
sphere. 

This  result  suggests  then  that  the  conversion 
rate  of  eddy  available  potential  energy  to  eddy 
kinetic  energy  will  be  twice  os  much  in  the 
Southern  Hemisphere  as  in  the  Northern  Hemi¬ 
sphere.  The  verification  of  this  has  to  await  the 
study  of  the  enthalpy  budget. 
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ABSTRACT 

The  metu  meridional  circulation  for  the  southern  hemisphere  is  inferred  from  mo¬ 
mentum  and  mass  balance  considerations.  Recent  calculations  by  Obasi  of  the  transient 
eddy  transports  of  momentum  and  the  mean  zonal  flow  are  the  only  data  used.  The 
vertical  eddy  transports  are  taken  into  account  only  in  the  surface  layers,  where  the 
stress  is  assumed  to  decrease  linearly  with  pressure  from  its  surface  value.  The  surface 
stresses  themselves  are  calculated  from  the  pressure  integral  of  the  momentum  equa¬ 
tion,  and  by  a  short  iteration  process  the  effect  of  horizontal  transport  of  momentum 
by  the  mean  meridional  circulation  is  taken  into  account. 

The  resulting  circulation  is  self  consistent,  needing  only  very  small  corrections  to 
eliminate  mass  “drifts”  across  latitude  circles,  contrary  to  most  direct  measurements. 
The  characteristic  three  cell  pattern  is  very  evident.  The  circulation  is  compared  to 
that  found  in  a  somewhat  similar  manner  by  Mintz  and  Lang  for  the  northern  hemi¬ 
sphere.  The  winter  circulations  are  found  to  be  rather  similar,  but  the  polar  direct 
cell  is  much  stronger  in  the  southern  hemisphere.  In  the  summer  season  the  southern 
hemisphere  circulation  is  much  stronger. 

The  kinetic  energy  balance  for  the  southern  hemisphere  is  briefly  considered.  Givan 
our  assumptions  about  the  vertical  eddy  fluxes  of  momentum,  about  half  the  kinetic 
energy  fed  into  the  mean  flow  by  the  horizontal  transient  eddies  is  extracted  by  the 
mean  meridional  motion.  The  other  half  is  dissipated  near  the  surface.  In  each  season, 
energy  balance  is  achieved  to  within  3  %,  verifying  the  consistency  of  the  calculations. 


1.  Introduction 

Direct  measurements  of  the  mean  meridional 
circulation  in  the  atmosphere  usually  suffer 
from  large  uncertainties  since  they  litre  a  rela¬ 
tively  small  residual  {of  the  order  1  mime)  left 
from  the  averaging  around  latitusaa  circles  of 
time  mean  meridional  winds  of  tfca  order  of  10 
m/sec.  For  this  reason,  it  is  dssaeaisle  to  try  to 
infer  the  mean  meridional  circulation  frosts 
more  accurately  measured  quantities.  Siir'e  the 
mean  meridional  circulation  is  forced  Kuo, 
1656;  Gojiam,  19646),  we  may  infer  its  strength 
in  the  steady  state  from  the  requirements  that 
there  be  a  momentum  aed  a  aeai  balance  at 
every  point  in  the  mcrk  ional  croae-aection. 
General  theoretical  aspects  of  this  problem 
have  been  discussed  recently  by  GaJtXM 
{16646).  In  any  case,  “indirect  measurement" 
of  the  mean  mer  tdionsl  circulation  can  be 
made  only  with  sufficient  knowledge  of  the 
other  components  {the  -addy  fluxes  and  diabatic 
heating)  in  the  momentum  and  thermodynamic 

Telia*  XV?I  (19SC--,  3 
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energy  equations.  As  was  pointed  out  by  Gil¬ 
man,  19646,  we  have  a  choice  of  inferring  the 
mean  meridional  circulation  from  tho  thermal 
forcing  alone,  or  the  mechanical  forcing  alone. 
{Ideally,  of  course,  both  should  give  the  same 
result.)  The  choice  would  depend  on  which 
type  of  forcing  we  can  measure  more  accurately. 

For  the  southern  hemisphere,  Obasi  (1963a, 
b)  has  calculated  the  mean  zonal  flow  and  the 
eddy  transports  of  momentum  for  the  IGY.1 
The  eddy  heat  transports  have  not  yet  been 
computed.  Therefore,  we  must  use  the  mecha¬ 
nical  forcing  to  infer  the  mean  meridional 
circulation  for  the  southern  hemisphere. 

Obasi  (1963a)  has  alco  attempted  to  evaluate 
the  mean  meridional  circulation  directly,  but  his 
results  suffered  greatly  from  the  uncertainty 
vnentiesned  earlier.  This  uncertainty  mani¬ 
fested  itself  in  the  very  large  meridional  “drift” 
velocities  (often  as  large  as  40  cm/sec)  which 

1  Certain  corrections  have  been  mads  to  Obasi'* 
(1963a,  6)  data. 
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had  to  he  subtracted  from  the  observed  values 
to  give  zero  mass  transport  across  all  latitude 
circles. 

Having  chosen  to  infer  the  moan  meridional 
circulation  from  the  momentum  forcing  rather 
than  the  thermal  forcing,  wo  must  examine 
this  momentum  forcing  more  carefully.  It 
consists  of  eddy  convergences  of  momentum, 
both  horizontal  and  vertical,  and  “friction”. 
Tills  “friction”,  for  our  purposes,  is  really  just 
vertical  eddy  stresses  on  a  scale  smaller  than 
measurable  on  a  synoptic  map.  However, 
Obasi  did  not  attempt  to  evaluate  vertical  eddy 
fluxes  of  momentum  on  any  scale  so  really  we 
can  not  separate  the  scales  in  our  calculations. 

Of  the  various  forcing  terms,  the  transient 
eddy  convergences  of  momentum  aro  the  moat 
accurately  measurable.  We  may  obtain  the 
value  of  the  time  correlation  of  the  zonal  and 
meridional  components  of  the  wind  at  each 
station,  and  rely  on  map  analysis  and  grid 
point  readings  only  for  obtaining  the  longi- 
tudinal  averages  of  the  momentum  flux.  This 
is  not  the  ease  with  the  horizontal  standing 
eddies,  since  there  we  must  draw  maps  of  the 
time  averaged  zonal  and  meridional  components 
of  the  wind  separately  and  evaluate  the  longi¬ 
tudinal  correlation  by  the  product  of  valueu  at 
grid  points.  Furthermore,  the  fiolds  of  the 
meridional  component  of  the  wind  have  a 
much  more  frequent  reversal  in  sign  along  a 
given  latitude  circle  than  will  the  time  correla¬ 
tions  of  the  meridional  and  zonal  wind.  For 
both  these  reasons,  the  standing  eddy  transports 
are  generally  less  accurate  quantities  than  are 
the  transient  eddies.  In  addition  to  this  dif¬ 
ference,  Obasi  (19636)  found  that  for  the 
southern  hemisphere,  the  standing  eddies 
played  a  much  smaller  role  in  the  horizontal 
transport  of  momentum  than  did  the  transient 
eddies. 

The  vertical  eddy  transports  are  much  harder 
to  evaluate  than  even  the  horizontal  standing 
eddies,  since  the  vertical  motion  is  almost  im¬ 
possible  to  evaluate.  Attempts  have  been  made 
for  the  northern  hemisphere  by  Jensen  (1961) 
in  which  he  calculated  “adiabatic”  vertical 
motions,  but  there  is  some  question  as  to  the 
validity  oi  this  method  (Wun-Nielsen,  1964). 
Furthermore,  as  stated  earlier,  Obasi  did  not 
even  attempt  to  calculate  the  vortical  eddy 
fluxes  for  the  southern  hemisphere. 

In  light,  of  the  above,  the  author  decided  to 


attempt  to  construct  a  mean  meridional  circula¬ 
tion  for  the  southern  hemisphere  using  only  the 
horizontal  transient  eddy  transports  of  mo¬ 
mentum  and  the  mean  zonal  wind  measured  by 
Obasi,  feeling  that  from  theee  most  accurately 
measurable  quantities  it  was  likely  that  a  more 
self  consistent  and  accurate  picture  of  the 
mean  meridional  circulation  might  bo  obtained. 

2.  Notation 

Tho  following  notation  will  be  adopted 
(generally  the  same  notation  as  in  Oilman, 
1964  a,  6). 

t  “time 

p  “pressure 

</>  =  latitude 

X  --  longitude 

u  ~  zonal  wind  (positive  toward  east) 

v  “meridional  wind  (positive  toward 

north) 

w  =  dp  fdt 

LI  -  angular  velocity  of  the  earth 

f  “  Coriolis  parameter  ”  2  Ll  sin  $ 

a  -  radius  of  the  earth 

g  -  acceleration  of  gravity 

1  /*'■ 

(  )  -  —  I  (  )  dt  -  time  average 

(  )'-(  )-(“)*  deviation  from  time  average 

1  r 

[(  )3  “  —  I  (  )dX  ^  zonal  average 

2  njo 

(  )*  “(  )-[(  )]  “deviation  from  zonal 

average 

Z  -  mean  absolute  vortieity  - 

f  -  (a  cos  |  cos  <j> 

t  --  stress  in  the  zonal  direction 
X  *-  frictional  force/unit  mass 

3.  Equations  and  the  method  of  calculation 

The  method  of  calculation  of  the  mean  meri¬ 
dional  circulation  is  that  given  in  Gilman  (1963 
and  1964  6).  In  brief,  the  momentum  balance 
equation  for  the  zonal  component  and  the  conti¬ 
nuity  equation  (both  are  time  and  zonally 
averaged  and  are  written  in  the  pressure  co¬ 
ordinate  system)  are  solved  for  the  vertical 
motion  [to].  Tho  horizontal  component  [t>j  is 
then  obtained  directly  from  the  momentum 
balance. 
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Thua  we  have,  for  [5] 


\V) 


[at]  #[0] 

z  S p 


a 

z' 


(i) 


where  O  is  the  momentum  forcing  function,  i.e., 
Q">  -  (a  cos’  4>)~lai£4lu-v  ]  cos*  $  +  [jr].  (2) 


Here  we  have  omitted  the  standing  eddy  con¬ 
vergences  {[«*»*]  and  [n*o»*])  and  grouped  the 
vertical  eddy  fluxes  oi  all  scales  in  the  friction 
term  [jj],  in  accordance  with  the  remarks  in 
section  1. 

For  [to]  we  have 


[,o]~|exp-  j:  Jdp '  )/:(  exp  J*  Jdp"^  Kdp‘, 


(3) 


where  the  integration  is  along  the  absolute 
angular  momentum  isolines,  which  arc  the 
characteristics  of  the  problem.  Here 


K  ^  ~  (cos  j>)  1  i>l?<ft  0  cos  <£,  (4) 

and  J  “  (cos  '  1  Sjdf>  s  cos  f,  (5) 


where  s  is  the  slope  of  the  angular  momentum 
characteristics,  given  by 


1  S[u] 
aZ  dp 


(fi) 


We  have  no  direct  measurements  of  the 
vertical  eddy  fluxes  of  momentum  for  the 
southern  hemisphere.  However,  their  effect 
cannot  be  neglected  at  least  near  the  surface 
because  the  horizontal  transient  eddy  forcing 
alone  will  not  give  the  return  flow  required  to 
balance  the  mass  transport  across  latitude 
circles  at  higher  levels.  Therefore  we  must  make 
some  assumption  about  the  vertical  eddy 
transports  in  the  lowest  layers.  The  simplest 
assumption  to  make  would  be  that  the  stress 
due  to  these  fluxes  decreases  tram  its  surface 
value  to  a  negligible  value  a  certain  pressure 
height  above  the  surface.  We  chose  a  decrease 
linear  in  pressure,  reaching  zero  at  850  mb 
(700  mb  over  the  Antarctic  continent).  That  is, 
for 


W--9 


c[t] 

dp 


(7) 
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Table  1.  Surface  stress  and  drift  velocity  for  the 
winter  season. 


Corrected  surface  stress  includes  the  effect  of  hori¬ 
zontal  convergence  of  momentum  due  to  the  mean 
meridional  motions. 


Latitude 

(“S) 

Surface  stress  (dyne/cm*) 

Uncorrected  Correctod 

l>rift 

(cm/sec) 

77.5 

-2.00 

-  1.89 

0 

72.6 

-  1.91 

-  1.88 

4 

67.5 

-0.75 

-  0.83 

2 

62.5 

0.48 

0.36 

0 

67.5 

0.83 

0.70 

0 

52.5 

1.14 

1.07 

0 

47.5 

1.12 

0.99 

1 

42.5 

1.07 

1.03 

0 

37.5 

0.70 

0.82 

-  1 

32.5 

0.12 

0.27 

0 

27.5 

-  0.09 

0.14 

-3 

22.5 

-0.87 

-0.52 

3 

17.5 

0.46 

0.49 

1 

12.5 

-0.43 

-0.63 

2 

7.5 

-0.36 

-  0.65 

4 

2.5 

-  0.28 

we  approximate 

ip 

whore  A p  is  the  pressure  depth  of  the  surface 
layer.  Now  the  surface  stress  can  be  inferred 
from  the  horizontal  transient  eddy  transports 
of  momentum  themselves,  simply  by  integrating 
the  momentum  equation  in  the  vertical  to  the 
“top”  of  the  atmosphere.  (This  method  was 
used  by  Obasi  in  his  estimation  of  the  surface 
stress.)  Furthermore,  to  include  the  horizontal 
transports  of  momentum  by  the  mean  meri¬ 
dional  motion  (the  term  [«]  ft?]}  in  the  calcula¬ 
tion,  a  short  iteration  procedure  was  used.  A 
first  estimate  of  the  surface  stress  was  obtained 
from  the  vertical  integral  of  the  horizontal 
transient  eddy  convergences  of  momentum 
alone.  These  stress  values  were  then  used, 
together  with  the  assumption  about  the  rate  of 
docroase  of  stress  with  height  and  the  uninte- 
grated  distribution  of  horizontal  transient  eddy 
convergences  of  momentum,  to  calculate  a  first 
mean  meridional  circulation.  The  mean  meri¬ 
dional  circulation  was  then  used  to  correet  the 
surface  stress  values  from  whieh  a  second  mean 
meridional  circulation  was  then  obtained.  That 
this  correction  (see  Tables  l  and  2)  was  not 
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Table  2.  Surface  stress  and  drift  velocity  for  the 
summer  season. 

Corrected  surface  stress  includes  the  effect  of  hori¬ 
zontal  convergence  of  momentum  duo  to  the  mean 
meridional  motion. 


Latitude 

(°S) 

Surface  stress  (dyne/cm’) 

Uncorrected  Corrected 

Drift 
(cm /see) 

77.3 

--  1.39 

-  1.35 

2 

72.5 

-0.93 

-0.97 

4 

67.5 

0.23 

0.10 

1 

62.5 

1.13 

1.00 

0 

57.5 

1.45 

1.36 

1 

52.5 

1.62 

1.57 

-  1 

47.5 

1.16 

1.17 

0 

42.5 

0.46 

0.60 

0 

37.5 

0.10 

0.17 

0 

32.5 

-0.12 

-0.02 

0 

27.5 

-0.30 

-0.20 

0 

2*>.5 

-0.42 

~  0.38 

0 

17.5 

-0.43 

-0.48 

0 

12.5 

-0.37 

-  0.45 

- 1 

7.5 

-0-25 

-0.35 

1 

2.5 

-0.22 

too  large  indicates  the  relatively  small  contri¬ 
bution  of  the  mean  meridional  circulation  in 
determining  the  horizontal  transport  of  mo¬ 
mentum.  By  the  nature  of  our  assumptions, 
however,  we  have  forced  it  to  be  the  mode  of 
vertical  transport  between  the  upper  levels  and 
the  surface  layer;  but  this  does  not  seem  too 
unreasonable,  as  discussed  by  Gilman  {1964a, 
Phillips  (1954))  and  others. 

To  actually  carry  out  the  integration  for  [Si] 
indicated  in  (3),  we  must  interpolate  the  inte¬ 
grand  onto  the  characteristic  curves,  whose 
profiles  must  first  themselves  be  calculated.  The 
equation  defining  the  characteristic  in  p,  <f> 
space  is  just  the  definition  for  absolute  angular 
momentum/unit  mans  m,  i.e., 

m  fla’  cos*  4  +  a[u]  cos  <f>.  (9) 

To  find  ^  as  a  function  of  p  for  m  -  m„,  the 
angular  momentum  at  evenly  spaced  latitudes, 
we  solve  for  cos  4<  using  the  fact  that 

[u}/4 1 ,  to  obtain 

2Kfto4-[u] 

COS  i  — - . 

*  2 Cto 

Strictly  speaking,  we  must  use  [u]  at  4  to 
determine  cos  but  we  may  to  first  order  use 


[uj  at  4o>  since  for  a  given  characteristic 
\4-  <f>a\  <6“  generally.  Once  the  position  of  the 
characteristics  was  known,  we  interpolated  the 
integrand  values  linearly  onto  them.  The  m0 
values  (and  therefore  the  4b  values)  were  chosen 
to  coincide  with  the  original  latitude  grid  for 
the  integrand,  making  the  interpolation  partic¬ 
ularly  simple.  The  results  of  the  integration 
were  then  interpolated  back  to  the  4„  latitudes, 
from  which  the  figures  were  made. 

On  a  meridional  cross-section,  the  charac¬ 
teristics  appear  as  nearly  vertical  lines,  each 
one  not  deviating  from  its  reference  latitude 
4  s  by  more  than  5°.  Since  we  may  say  that  at 
the  top  of  the  atmosphere  [to]  *  0,  the  solution 
(3)  was  chosen  so  that  the  integration  along 
the  characteristic  begins  at  p  «•  0,  and  proceeds 
to  the  surface.  Had  we  found  the  mean  meri¬ 
dional  circulation  in  the  manner  of  Kuo  (1956) 
solving  a  second  order  equation  for  the  meri¬ 
dional  stream  function,  we  would  have  imposed 
boundary  conditions  such  that  [5]  =  0  would 
hold  both  at  p  =*  0,  and  at  the  surface.  But  her© 
we  are  allowed  to  specify  [5]  at  only  one  point 
on  each  characteristic.  Nevertheless,  [Si]  will 
still  approach  zero  near  the  surface,  as  can  be 
seen  by  a  closer  examination  of  (3).  If  the 
factors  exp  ±  J  J  dp  were  deleted,  and  the 
characteristics  straightened  to  become  lines  of 
constant  latitude,  (3)  would  just  be  the  inte¬ 
grated  continuity  equation  if  we  assumed  that 
[v]  -  -QjZ.  In  this  simpler  calculation  we 
would  expect  (£uj  -*■  0  at  the  surface.  Since, 
(a)  0.5  <  exp  ±  J  J  dp  <2.0  generally,  (6)  the 
factors  inside  and  outside  the  integral  in  (3) 
tend  to  cancel,  and  (c)  the  characteristics  are 
nearly  vertical,  we  should  therefore  expect  [S] 
to  be  not  radically  different  from  the  less  refined 
calculation  (10-30%  was  the  result  found  in 
Gilman  1963). 

It  is  evident  then  that  the  above  method  of 
calculation  of  the  mean  meridional  circulation 
will  give  a  set  of  values  to  which  no  large 
“drift”  correction  will  have  to  be  applied  to 
ensure  vanishing  meridional  mass  transport. 
We  may  therefore  say  that  we  have  at  least  ar¬ 
rived  at  a  self  consistent  mean  meridional  circu¬ 
lation.  This  does  not  say  we  have  arrived  at  the 
correct  one,  but  since  the  assumptions  made  in 
our  calculation  do  not  seem  to  be  too  unrea¬ 
sonable,  it  is  probable  that  our  results  are 
more  accurate  than  directly  measured  values 
would  be. 
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4.  Results  sad  comparisons 

The  calculated  mean  meridional  crosesoc- 
tiona  for  the  ■winter  (April-September  1958) 
and  summer  (January-March;  October- De¬ 
cember  1958)  are  presented  in  Figs.  1  through 
4.  The  surface  stress  values  used,  both  before 
and  after  correction  for  the  horizontal  con¬ 
vergence  of  momentum  due  to  the  mean  meri¬ 
dional  circulation,  are  presented  in  Tables  1 
and  2,  along  with  the  meridional  drift  velocities 
which  resulted  from  our  method  of  calculation. 

From  examination  of  the  results,  the  follow¬ 
ing  facts  are  of  note: 

(a)  Both  seasons  show  very  distinctly  the 
characteristic  three  cell  pattern,  though  the 
equatorwurd  boundary  of  the  direct  cell  in  low 
latitudes  is  not  in  evidence.  There  is  also  evident 
a  shift  of  the  cell  pattern  equa torward  in  the 
winter  season,  aa  would  be  expected  from  the 
shifting  of  the  heat  equator.  The  amount  of 
this  shift  is  generally  10-20°  latitude,  and  is 
more  strongly  evident  in  the  vertical  motion 
sections  (Figs.  2  and  4),  indicating  a  change 
in  the  shape  of  the  cells  with  season. 

(5)  A  calculation  somewhat  similar  to  ours 
was  performed  for  the  northern  hemisphere  by 
Mintz  <fc  Ijk.NO  (1956).  For  the  winter  season  in 
each  hemisphere  the  boundaries  between  cells 
are  found  to  be  between  30°  and  35%  and  be¬ 
tween  60  and  65°.  The  indirect  cells  in  the  two 
hemispheres  have  about  the  same  mass  circu¬ 
lation,  aa  do  the  equatorial  direct  cells.  In  both 
cases,  the  equatorial  direct  cell  has  about  three 
times  the  mass  circulation  of  the  middle  latitude 
indirect  cell.  However,  the  southern  hemisphere 
results  show  a  very  much  stronger  polar  direct 
cell  than  has  the  northern  hemisphere.  Further¬ 
more,  the  winter  circulation  in  the  southern 
hemisphere  appears  to  overlap  more  across  the 
equator  than  does  the  northern  hemisphere 
circulation  in  its  winter.  This  last  result  seems 
to  be  in  agreement  with  the  general  conclusion 
of  Obasi  (1963a,  b)  that  the  southern  hemi¬ 
sphere  circulation  is  generally  stronger.  This 
conclusion  is  reinforced  by  the  fact  that  Mintz 
and  Lang’s  values  are  averages  only  over  the 
most  winterlike  months,  January  and  February. 

In  the  summer  season,  the  southern  hemi¬ 
sphere  mean  meridional  circulation  is  seen  to 
be  very  much  stronger.  The  polar  cell  is  still 
very  strong,  while  in  the  northern  hemisphere 
it  is  practically  non-existent.  Undoubtedly  the 
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weaker  northern  henhephere  circulation  is  due 
partly  to  the  choice  by  Mintz  and  Lang  of  two 
month  averages  over  July  and  August,  but  it 
would  appear  to  be  so  weak  that  even  a  6 
month  average  would  be  weaker  than  the  south¬ 
ern  hemisphere  result. 

The  much  stronger  polar  direct-  cell  in  the 
southern  hemisphere  during  both  seasons  may 
be  a  manifestation  of  t.he  katabatic  wind  de¬ 
scending  off  the  antarctic  continent. 

(c)  The  surface  stress  values  presented  in 
Tables  1  and  2  indicate  that  the  inclusion  of  the 
horizontal  momentum  convergences  due  to  the 
mean  meridional  circulation  does  make  some 
difference,  but  not  a  large  amount,  being  gen¬ 
erally  on  the  order  of  10-20%.  The  uncorrected 
values  are  slightly  different  from  those  cal¬ 
culated  by  Obasi  (19636),  aa  the  numerical 
integration  procedures  wore  slightly  different. 

{d)  The  drift  velocities  resulting  from  our 
method  of  calculation  (which  were  subtracted 
out  before  the  sections  were  drawn)  are  never 
larger  than  4  cm/sec  and  average  about  1  cm/ 
sec.  These  drifts  are  probably  a  result  of  the 
finite  difference  computation  methods.  It 
should  bo  noted  that  had  tho  stress  been 
assumed  to  decay  more  slowly  with  the  decrease 
in  pressure,  the  drifts  would  have  been  about 
tho  same,  since  tho  total  meridional  mass 
flow  in  the  lower  layers  from  the  vertical  con¬ 
vergence  part,  of  tho  forcing  depends  only  on 
the  size  of  the  surface  stress. 

5.  Energy  computations 

As  a  further  check  on  tho  self  consistency  of 
our  computations,  the  kinetic  energy  balance 
for  tho  southern  hemisphere  is  briefly  con¬ 
sidered.  Obasi  (1965)  calculated  t.he  conver¬ 
sion  of  transient  eddy  kinetic  energy  to  mean 
zonal  kinetic  energy  for  tho  hemisphere.  The 
calculation  of  tho  conversion  of  mean  meridior  »l 
kinetic  to  zonal  kinetic  energy  via  the  Coriolis 
parameter,  however,  was  considered  to  bo  un¬ 
reliable  due  to  the  uncertainty  in  the  directly 
measured  [t]  values.  Using  our  indirectly- 
measured  mean  meridional  circulation  and  mean 
zonal  winds  of  Obasi  (1963a)  (extrapolating  for 
the  layer  859-1000  mb),  we  may  make  a  first 
estimate  of  this  conversion  integral.  Further¬ 
more,  we  may  estimate  the  dissipation  of 
mean  zonal  kinetic  energy  near  tho  ground  in 
our  model  by  using  the  calculated  surface  stress 
value*,  and  the  extrapolated  zonal  winds. 
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Fig.  1.  Mean  meridional  motion  [«]  (cm /sec)  for  the  southern  hemisphere  ’winter  seuson,  calculated  from 
momentum  and  matte  balance.  Shaded  areas  indicate  motion  toward  the  south  pole. 


Fig.  3.  Mean  meridional  motion  [0]  (cm/sec)  for  the  southern  hemisphere  summer  season,  calculated  from 
momentum  and  mass  balance.  Shaded  areas  indicate  motion  toward  the  south  poie. 


Mathematically,  the  conversion  via  the 
Coriolis  parameter  is  given  by  the  integral 


/[si]  ft;]  cos  i pd4,dp 


while  the  dissipation  in  the  surface  layers  is 
obtained  from  the  integral 


[«]  [jf]  cos  <j>d$dp 


which  becomes,  under  our  assumptions, 

/  71  ri 

[«]/  [r]  cos 

Here  the  subscript  g  refers  to  the  ground  level. 
The  results  of  these  integrations  are  presented 
in  Table  3.  As  can  be  seen  from  the  last  column, 
which  gives  the  amount  of  imbalance,  our 
method  of  calculation  arrives  at.  energy  con¬ 
version  rates  which  balance  to  within  3%.  In 
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Fiq.  2.  Mean  vertical  motion  [10]  (10  8  mb/s eu)  for  the  southern  hemisphere  winter  season,  calculated  from 
momentum  and  mass  balance.  Shaded  areas  indicate  “upward”  motion. 


Flu.  4.  Mean  vertical  motion  [cuj  (10 -*  mb/sec)  for  the  southern  hemisphere  summer  season,  calculated 
from  momentum  and  mass  balance.  Shaded  areas  indicate  “upward”  motion. 


this  balance  the  mean  meridional  circulation 
acts  to  remove  about  half  the  energy  fed  int> 
the  mean  flow,  the  other  half  being  dissipati  ,1. 
The  degree  of  consistency  will  not  bo  affected 
appreciably  by  a  change  in  the  extrapolated 
zonal  wind,  since  a  decrease  in  dissipation  due 
to  such  a  change  will,  by  the  nature  of  our 
method  of  calculation,  be  accompanied  auto¬ 
matically  by  an  increase  in  the  conversion  from 
mean  zonal  to  mean  meridional  kinetic  energy 
through  the  Coriolis  parameter. 


Table  3-  Comparison  of  the  :Kirious  energy  ran- 
versions  in  the  mean  zonal  kinetic  energy  balance. 
A  positive  vsiue  indicates  a  conversion  to  mean 
zonal  kinetic  energy. 


Energy  conversions  { 10*#  ergs/ see) 

Eddy  Meridional 
to  zonal  to  zonal 

Dissipation 

Residual 

Winter 

-i  9.63  -  3.85 

-6.17 

-  0.39 

Summer 

-  9.72  5.40 

4.02 

-t  0.30 
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The  values  of  the  conversion  from  mean  -zonal 
to  mean  meridional  kinetic  energy  via  the 
Coriolis  parameter  are  on  the  average  about 
75%  greater  than  thoeo  obtained  by  dneet 
measurement  by  Stark,  1959  for  the  northern 
hemisphere.  This  is  a  reasonable  result  since 
Obttai  showed  the  rate  of  conversion  of  eddy 
kinetic  to  zonal  kinetic  energy  to  be  almost  twice 
as  large  in  the  southern  hemisphere  as  in  the 
northern. 

6.  Concluding  remarks 

Recapitulating,  we  have  calculated  a  rea¬ 
sonable  mean  meridional  circulation,  surface 
stress  distribution,  and  kinetic  energy  balance 
entirely  from  the  observed  horizontal  transient 
eddy  convergences  of  momentum  and  mean 
zonal  wind.  Since  all  the  balance  requirements 
are  met,  these  statistics  form  a  Belf  consistent 
set.  They  are  undoubtedly  not  the  correct  set. 
However,  since  the  approximations  made  seem 


physically  reasonable,  this  moan  moridional 
circulation  is  probably  more  accurate  than  can 
bo  obtained  at  present,  by  direct  measurements. 
Even  so,  improvements  in  this  method  could 
be  made.  For  example,  more  attention  could  be 
paid  to  the  surface  zonal  wind  values  (though 
this  would  require  a  groat  deal  more  work). 
Even  with  better  surface  wind  values,  however, 
it  will  probably  atill  be  profitable  to  estimate 
the  surface  stress  from  the  momentum  conver¬ 
gences.  rather  than  using  drag  coefficient  as¬ 
sumptions,  if,  again,  only  for  self  consistency. 
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ABSTRACT 

The  average  meridional  flux  of  water  vapor  In  the  atmosphere  is  evaluated  for 
the  northern  hemisphere  from  suitably  distributed  daily  observations  of  wind  and 
moisture  during  the  year  1950.  Zonal  averages  for  five  latitude  circles  are  presented, 
and  these  are  compared  with  the  corresponding  requirements  calculated  from  esti¬ 
mates  of  ionally  averaged  precipitation  and  evaporation  given  in  climatological 
literature.  Considering  the  nature  and  scope  of  the  work,  the  extent  of  the  agree¬ 
ment  obtained  is  considered  noteworthy. 

INTRODUCTION 

For  several  years  the  writers  have  been  engaged  in  a  long-term 
program  of  systematic  compilation  and  analysis  of  hemispherically 
distributed  observations  of  wind,  temperature  and  moisture  iu  order 
to  elucidate  the  manner  in  which  certain  basic  integral  requirements 
of  *he  general  circulation  a..-  fulfilled  in  the  atmosphere.  As  the 
studies  proceeded,  many  of  the  results  were  published  elsewhere 
(e.g.,  Starr  and  White  1951,  1952  a,  b,  c,  1954).  However,  the 
measurements  relating  to  the  poleward  flux  of  water  vapor  have  been 
completed  only  recently  and  have  not  been  reported  in  their  entirety 
save  for  some  partial  results  contained  in  Starr  and  White  (1954). 
The  final  outcome  of  the  computations  for  the  one  complete  year 
used  (1950)  is  therefore  presented  herewith. 

Since  the  divergence  or  convergence  of  the  zonally  averaged  merid¬ 
ional  flux  of  water  vapor  during  a  period  of  one  year  must  reflect 
an  excess  or  deficit  of  evaporation  as  compared  to  precipitation  aside 
from  minor  secondary’  considerations,  the  present  subject  offers  for 
the  first  time  an  independent  means  of  checking  the  global  precipita¬ 
tion  and  evaporation  balance  elaborated  by  various  workers  in  the 
science  of  climatology  during  the  past  several  decades.  The  impor- 
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tanee  of  this  entire  field  of  endeavor  for  a  number  of  oceanographic 
considerations  hardly  needs  to  be  dwelt  upon  here. 


PROCEDURE  FOLLOWED 

Water  may  be  transported  by  atmospheric  circulations  in  the 
solid,  liquid  and  vapor  form.  For  the  purposes  of  our  study,  the 
transport  in  vapor  form  only  is  considered,  the  probability  being 
that  contributions  from  the  solid  and  liquid  forms  are  small  in  com- 
parison,  except  as  noted  later.  The  flow  of  water  vapor  northward 
across  a  conical  vertical  wall  along  a  complete  circle  of  latitude  from 
the  surface  to  great  heights  and  for  any  desired  time  period  may  be 
expressed  as  an  integral  of  the  form 

-  SS  J'qv  dxdidp ,  (1) 

9 

where  g  is  the  acceleration  of  gravity,  q  the  specific  humidity,  v  the 
northward  component  of  velocity,  dx  an  element  of  linear  eastward 
distance,  dt  an  element  of  time  and  dp  an  element  of  pressure  taken  ver¬ 
tically.  The  assumption  of  hydrostatic  equilibrium  is  made  use  of  in 
formulating  this  expression. 

In  recent  years  it  has  become  feasible  to  evaluate  the  water  vapor 
flux  integral  by  using  direct  wind  and  moisture  observations  from 
a  hemispheric  network  of  upper  air  stations.  While  the  quantity 
and  quality  of  these  observations  are  not  yet  adequate  for  reliable 
evaluation  of  the  instantaneous  transports  on  individual  days,  the 
mean  flux  over  a  large  number  of  days  can  be  approximated  rather 
satisfactorily.  This  situation  is  comparable  to  the  success  with  which 
the  meridional  flux  of  other  quantities,  notably  of  angular  momentum, 
was  measured  by  us  in  previous  work  to  which  reference  has  already 
been  made.  Certain  details  of  the  technique  common  to  these 
studies,  together  with  discussions  of  specific  questions  concerning 
the  data  used  and  other  pertinent  matters,  are  also  to  be  found  there. 
In  view  of  this  circumstance,  only  a  brief  statement  of  the  methods 
is  entered  here. 

The  geographical  distribution  of  the  key  stations  is  shown  in  Fig.  1 
and  is  substantially  the  same  as  that  used  for  the  investigation  of 
the  hemispheric  angular  momentum  balance  (see  Starr  and  White, 
1954).  This  station  network  was  again  divided  into  five  latitude 
zones  centered  in  the  vicinity  of  13°,  31°,  42.5°,  55°  and  70°  N,  as 
indicated. 

The  measurements  of  specific  humidity  -were  obtained  from  the 
reported  dewpoints  and  temperatures.  Because  of  the  low  moisture 
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Figure  1.  Tiie  distribution  of  key  stations  over  the  northern  hemisphere  used  in  tbs  in¬ 
vestigation  of  the  atmospheric  water  vapor  flux.  Pilot-balloon  wind  stations  shown  by  open 
circles,  radio  wind  stations  by  dots. 


content  above  500  mb,  the  computations  were  restricted  to  the  four 
standard  pressure  levels,  1000,  850,  700,  500  mb.1  The  flux  of  water 
vapor  was  evaluated  at  each  latitude  and  level  by  first  forming  the 
product  of  the  northward  component  of  the  wind  and  the  specific 
humidity  at  each  station  for  each  day.  Simple  longitudinal  daily 

1  In  the  processes  of  making  radiosonde  observations  of  humidity,  an  instrumental 
phenomenon  known  as  “motorboating”  occurs  under  certain  definite  atmospheric 
conditions.  It  indicates  in  general  that  the  moisture  content  is  too  low  to  be  meas¬ 
ured  and  takes  place  at  quite  low  temperatures  ordinarily.  An  upper  limit  to  the 
moisture  amount  may  still  he  specified,  however,  and  such  values  were  used  Li  th.-wa 
cases  (see  appropriate  instructions  for  observers). 
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moans  were  then  made,  and  these  in  turn  were  averaged  for  the 
entire  year.  Finally,  vertical  integrals  with  respect  to  mass  were 
calculated  and  converted  into  moisture  dux  in  grams  per  second  across 
each  of  the  five  complete  latitude  circles. 

SUMMARY  OF  RESULTS 

The  figures  obtained  for  the  five  latitudes  are  given  in  the  fourth 
column  of  Table  i  and  by  the  black  dots  in  Fig.  2  in  terms  of  10a 
grams  per  second.  The  largest  positive  (northward)  Eux  i8  across 
42.5°  N,  although  it  is  likely  that  a  continuous  curve  would  show 
the  maximum  to  be  practically  at  40°  N ;  this  would  be  in  agreement 
with  climatological  estimates  of  the  latitude  which  separates  the 
zone  of  precipitation  excess  over  evaporation  to  the  north  from  the 
zone  where  the  reverse  condition  obtains  immediately  to  the  south. 
At  13°  N  the  flux  is  southward,  thus  indicating  a  great  divergence 
of  moisture  flow  out  of  the  zone  occupied  by  the  subtropical  anti¬ 
cyclones  and  again  corroborating  conclusions  drawn  from  climato¬ 
logical  considerations. 

Table  I.  Numerical  values  of  water  vapor  flux  across  the  specified  latitudes  as 
given  by  Conrad  and  by  Benton,  both  baaed  cu  climatological  data  compiled  by 
Wust,  together  with  directly  measured  values  obtained  by  Starr  and  Wtdte  for  1950 
from  the  number  N  of  observations  in  the  last  column.  The  fluxes  are  in  units  of 
10u  grams  per  second. 


Latitude 

Conrad-Wiist 

Benton-Wdel 

Starr  and  White, 

N 

7C.C 

-1  0.8 

+0.5 

+1.4 

8,463 

55.0 

+3.6 

+3.2 

+4.4 

12,845 

42.5 

+7.5 

+5.5 

+5-6 

14,916 

31.0 

+6.2 

+3.5 

+4.6 

20,748 

13.0 

-4.0 

-4.6 

-2.9 

12,729 

Numerical  estimates  of  the  water  vapor  flux  requirements  have 
been  given  by  Conrad  (1936)  and  by  Benton  and  Estoque  (1954), 
both  of  these  being  based  on  original  data  concerning  precipitation 
and  evaporation  presented  by  Wiist  (1922);  these  are  shown  in  the 
first  two  columns  of  Table  I  and  by  the  two  curves  in  Fig.  2.  Perhaps 
with  some  reservations  relative  to  the  situation  in  the  tropics,  which 
will  be  treated  further  below,  it  appears  that  agreement  of  measure¬ 
ments  with  requirements  as  portrayed  by  the  curves  is  all  that  could 
reasonably  be  expected. 

Since  only  five  latitudes  were  sampled  in  making  the  computations, 
values  os  the  flux  at  regular  ten  degree  intervals  cannot  be  interpolated 
without  a  certain  subjectivity.  Nevertheless,  when  this  is  done  as 
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Figure  2.  The  meridional  distribution  of  the  poleward  water  vapor  flux  Id  the  atmosphere. 
The  dashed  curve  and  the  solid  curve  represent  estimate*  of  this  flu*  deduced  from  evapora¬ 
tion  and  precipitation  by  Conrad  (1936)  and  Benton  (1953)  respectively,  both  after  data 
compiled  ,y  Wlist  (1922).  The  dots  represent  the  flux  computed  from  atmospheric  data 
for  the  year  1950.  The  units  are  10>‘  gm  sec-1. 

best  one  can,  let  us  say  from  a  smooth  curve,  it  becomes  possible 
to  express  the  comparison  of  the  results  with  climatological  informa¬ 
tion  in  terms  of  the  depth  in  centimeters  of  precipitation  minus 

Table  II.  The  meridional  distribution  of  the  zoually  averaged  difference  between 
precipitation  minus  evaporation  by  ten  degree  latitude  belts  for  the  northern  hemi¬ 
sphere.  The  figures  according  to  the  indicated  investigators  are  given  in  terms  of 
cm  per  year. 


Latitude  Belt 

Conrad-Wust 

Benlon-Wiitt 

Starr  and  White 

90-80° 

+  8 

+16 

— 

80-70° 

+22 

+14 

+27 

70-60° 

+25 

+25 

+35 

60-50° 

+32 

+22 

+  19 

50-40° 

+32 

+19 

+  7 

40-30° 

-19 

-24 

-11 

30-20° 

-48 

-35 

-30 

20-10° 

-37 

-34 

-34 

10-  0° 

+43 

+46 

— 
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evaporation  on  an  annual  basis  by  ten  degree  latitude  belts.  Such 
an  arrangement  of  the  comparison  is  given  in  Table  II,  where  the 
figures  obtained  by  the  procedure  here  given  are  found  in  the  fourth 
column  while  the  requirements  quoted  from  Conrad  and  lfcnton 
are  found  in  the  second  and  third  columns. 

It  would  add  materially  to  the  interest  of  Table  II  if  the  last  entry 
were  available.  It.  is  regrettable  that  upper  air  observation  stations 
are  not  numerous  enough  as  yet  to  permit  water  vapor  flux  measure¬ 
ments  across  the  equator  and  thus  provide  this  information. 

SUPPLEMENTARY  AND  CRITICAL  REMARKS 

There  are  a  number  of  points  which  may  be  raised  concerning 
both  the  data  and  the  computation  techniques  which  doubtless  con¬ 
tribute  to  the  discrepancies  between  the  three  sets  of  results.  It 
would  scarcely  be  fitting  or  convenient  in  a  discussion  of  this  scope 
to  engage  in  an  evaluation  of  the  techniques  used  by  Wust,  Conrad 
and  Benton.  Therefore  only  certain  of  those  factors  which  may 
lend  to  inaccuracies  of  the  present  calculation  are  touched  upon  here; 
specifically  the  more  important  considerations  are  the  following: 

(a)  The  direct  computations  of  the  flux  are  for  tho  single  specific 
year  1950,  wdiile  the  figures  quoted  Irom  Wiist,  Conrad  and  Benton 
represent  long-term  normals.  It  is  highly  probable  that  significant 
departures  from  normal  do  occur  in  individual  years,  although  it 
is  unlikely  that  the  essential  character  of  the  meridional  distribu¬ 
tion  of  the  water  vapor  flux  changes  radically  from  year  to  year. 
On  the  whole  it  would  be  highly  coincidental  if  the  flux  distribu¬ 
tion  for  1950  were  exactly  normal. 

(b)  Fig.  1  shows  the  distribution  of  key  stations  used.  In  audition 
to  the-e,  numerous  alternate  stations  were  added  as  is  uescribed  in 
the  references  already  given.  Since  a  certain  fraction  of  the  wind 
reports  were  obtained  from  pilot-balloon  soundings,  it  is  to  be  ex¬ 
pected  that  some  bias  might  thus  be  introduced  because  of  the  im¬ 
possibility  of  making  such  soundings  when  cloudiness  obscured  the 
balloons.  At  ieast  in  middle  latitudes  this  factor  might  lead  to 
fluxes  which  are  spuriously  small,  since  the  cloudiness  is  more  preva¬ 
lent  on  the  eastward  (more  moist)  sides  of  cyclones.  Actually  it  is 
rather  easy  to  overstress  the  importance  of  this  circumstance,  because 
the  factors  involved  do  riot  possess  sufficient  regularity'.  From  an 
examination  of  the  computations  for  carious  stations  while  the  work 
was  in  progress,  the  impression  is  gained  that  not  much  error  results 
from  this  source  for  the  station  network  actually  employed. 

Another  feature  of  the  station  network  is  that,  generally  speaking, 
it  is  more  dense  over  land  areas.  This  could  lead  to  an  insufficient 
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sampling  of  conditions  over  ocean  areas  where  the  moisture  content 
is  larger.  It  is  not  thought,  however,  that  this  factor  has  a  very 
appreciable  effect  on  the  results. 

'>)  The  assumption  that  the  surface  pressure  has  everywhere  the 
cor  st&ni  value  of  1000  mb  is  probably  the  most  serious  one  made  in 
the  study.  However,  it  is  not  unremediobie,  although  its  removal 
would  involve  a  considerable  increase  in  labor.  The  importance 
of  this  factor  is  probably  greatest  in  the  tropics,  where  surface  winds 
having  a  component  toward  the  equator  are  found  in  the  mean  and 
where  the  normal  pressure  is  in  the  vicinity  of  1010  mb,  thus  no 
doubt  leading  to  an  underestimate  of  the  southward  flux  of  water 
vapor.  This  same  condition  in  the  tropics  probably  represents  also 
an  instance  where  the  effect  of  the  transport  of  water  southward 
in  the  form  of  liquid  cloud  droplets  may  be  of  some  importance  as 
well. 

In  terms  of  relative,  significance  it  appears  that  the  neglect  of  the 
contributions  to  the  flux  from  the  atmosphere  above  500  mb  in  of 
minor  importance. 

APPENDIX 

It  has  been  our  custom  in  previous  articles  to  present  the  results 
of  flux  calculations  of  various  quantities  In  the  form  of  a  special 
table  giving  various  details  its  to  the  classification  of  the  atmospheric 
eddies  which  accomplish  the  transport.  In  the  case  of  the  flux  of 
water  vapor,  such  a  table  has  been  presented  for  each  of  the  four 
latitudes  31°,  42.5'’,  55°  and  70c  N  by  Starr  and  White  (1954).  In 
order  to  complete  the  series,  the  sppr'pmt''  corresponding  information 
for  13°  N  is  here  given  in  Table  III.  For  a  complete  discussion 
of  the  terminology  and  symbols  appearing  in  the  column  h-  -idings, 
see  Starr  and  White  (1954).  For  the  purpose  at  hand  it  suffices 
to  indicate  that  square  brackets  signify  averaging  with  respect  to 
longitude,  a  bar  signifies  averaging  with  respect  to  time,  curly  brackets 
indicate  averaging  over  the  total  number  of  observations  N,  while 
n  is  the  number  of  days  with  available  observations  and  r  is  the 
coefficient  of  linear  correlation  between  the  northward  c>  mponent 
of  wind  velocity  v  and  the  specific  humidity  q.  Primes  denote  the 
deviations  from  time  or  longitude  averages,  depending  on  the  quantity 
to  which  they  are  affixed. 

Note  that,  in  the  ease  of  w'ater  vapor  transport,  the  contribution 
of  the  so-called  meridional  cell  component  as  given  in  column  6  at 
1000  mb  (due  to  net  southward  air  motion)  is  large  enough  to  give 
dominant,  importance  to  the  vertical  integral  at  the  foot  of  the  column. 
This  is  apparently  due  to  the  large  concentrations  of  water  vapor 
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near  the  surface  and  is  in  striking  contrast  to  the  situation  in  regard 
to  the  flux  of  angular  momentum  where  the  corresponding  integral 
accounts  for  only  a  small  percentage  of  the  total  flux  which  is  itself 
small  when  compared  to  latitudes  a  little  farther  removed  from  the 
equator  (ace  Starr  and  White,  1952c), 
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ON  THE  MERIDIONAL  FLUX  OF  WATER  VAPOR  IN  THE 
NORTHERN  HEMISPHERE 


by  V,  P.  Stahb  (* (**) (**•)),  J.  P.  Peixoto  (•*)  &  G.  C.  Ljvadas  (*•*) 


Summary  —  Map*  of  the  meridional  vertically  integrated  flu*  of  atmospheric  water 
vapor  over  the  northern  hemisphere  for  rummer,  winter  and  the  entire  year  of  1950 
are  presented.  These  results  are  derived  from  all  available  meteorological  soundings 
of  humidity  and  wuds.  A  corresponding  set  of  three  maps  showing  the  average  verti¬ 
cally  integrated  values  of  the  moisture  content  are  included.  Tables  and  graphs  of 
zonally  averaged  numerical  values  extracted  from  these  maps  are  reproduced  and 
discussed  in  the  light  of  various  meteorological  considerations. 

Rtsumi  —  Dans  cet  article  les  auteurs  presentent  des  cartes  du  flux  meridional 
de  la  vapeur  d’eau  integri  suivant  la  verticale,  pour  I’etf,  J’hiver  et  pour  toute  l'annee 
de  1950.  Ces  resultats  ont  ete  derives  &  partir,  de  tous  les  radiosondages  disponibles 
de  l'humiditl  et  des  vents.  On  presente  d’abord  an  ensemble  correspondent  de  trois 
cartes  avec  ('analyse  des  valeurs  raoyennes  du  teneur  cn  humidite  integrees  suivant  la 
verticale.  Finalement  on  reproduit  des  tableaux  et  des  graphiques  avec  les  valeurs 
moyennes  zonales  calculees  d'apres  ces  cartes  et  dont  on  fait  one  discussion  a  lit  ln- 
miere  de  diverses  considerations  meteorologiques. 


1.  Introduction  —  One  mode  of  approach  to  the  study  of  general  circulation 
of  the  atmosphere  is  to  examine  certain  integral  requirements  deduced  from  dy¬ 
namical  principles  governing  the  motion  of  the  atmosphere,  formulated  in  terms 
of  physical  properties,  such  as  energy',  momentum,  mass  or  water  content,  etc. 

The  present  paper  intends  to  give  some  aspects  of  the  results  obtained  in 
the  study  of  the  water  balance  requirements  of  the  atmosphere.  According  to 
the  prin  pie  of  conservation  of  mags,  water  substance  cannot  be  created  or  de¬ 
stroyed  within  the  atmosphere.  Accordingly  a  local  change  of  water  content  can 
be  brought  about  only  through  the  addition  or  abstraction  of  water.  The  water 
balance  therefore  may  be  taken  as  a  constraint  for  the  general  circulation. 


(*)  Massachusetts  Institute  of  Technology,  Cambridge  39,  Mass.  (U.S.A.). 

(**)  University  of  Lisbon,  National  Meteorological  Service  of  Portugal. 

(**•)  University  of  Thesealonica. 
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The  necessity  for  the  transport  of  water  in  the  atmosphere  arises  from  the 
existence  of  an  excess  of  precipitation  over  evaporation  over  certain  regions  with 
a  reversal  of  prevailing  conditions  in  other  areas.  However,  over  a  sufficiently 
long  period  of  time,  the  amount  of  presipitahls  water  docs  not  change  appreciably, 
which  means  that  the  storage  effects  are  small  enough  so  that  the  deficits  and 
excesses  must  be  made  up  through  the  transport  of  water  by  atmospheric  circula¬ 
tions,  sine*  there  can  be  no  significant  net  inflow  or  net  outflow  of  water  in  the 
atmosphere  as  a  whole. 

This  transport,  accomplished  by  atmospheric  circulations,  may  occur  in  any 
one  of  the  three  phases,  but  the  transport  in  the  solid  and  liquid  phases  is  probably 
very'  small  compared  to  the  transport  i::i  the  vapor  phage.  However,  in  the  tropics 
the  southward  flow-  of  water  in  the  liquid  phase  (clouds)  may  be  of  some  impor¬ 
tance  as  well.  From  a  thermodynamical  point  of  view  we  are  facing  then,  a  mono- 
phasic,  heterogeneous  and  plurivariant  system.  The  flux  of  the  component  water 
is  accomplished  by  the  exchange  of  nearly  equal  masses  of  moist  air  with  different 
concentrations  in  water. 

With  the  great  improvement  in  the  network  of  acrologicai  stations  distributed 
over  the  northern  hemisphere,  it  hag  been  possible  now  to  treat  many  new  problems 
as  regards  the  behavior  of  the  atmosphere,  using  the  values  of  the  observations, 
directly.  These  observational  studies  on  an  extensive  hemispheric  scale  are  of 
derisive  itnpr  .^ace  in  order  to  secure  a  correct  framework  for  the  discussion  and 
further  study'  of  the  mechanisms  of  the  general  circulation  (Starb,  1951;  Sot-, 
CEIPFE.  1956). 

Along  this  line  of  thought,  the  first  attempt  to  measure  directly  from  wind 
and  humidity  observations,  on  a  hemispheric  scale,  the  effects  of  atmospheric 
motions  in  transporting  water  vapor  across  latitude  walls  was  that  of  White 
(1951),  for  the  purpose  of  including  the  contribution  of  latent  heat  in  the  study 
of  the  energetics  of  the  earth-atmosphere  system.  Later,  these  studies  were  much 
amplified  by  Starr  &  White  (1954),  again  with  regard  to  the  energy  balance. 
Some  oceanographic  and  climatological  aspects  of  this  study  were  also  given  by 
these  writers  (1955).  See  also  Benton  &  Estoque  (1954). 

Following  a  procedure,  similar  to  the  one  used  by  Buch  (1954)  in  the  study  of 
wind  conditions,  it  was  recognized  that  the  acrological  humidity  data  for  the  north¬ 
ern  hemisphere  are  sufficient  not  only  for  obtaining  the  zonal  average  of  the  humi¬ 
dity  flux,  but  also  for  drawing  of  hemispheric  maps  of  several  quantities  involved 
in  the  observational  study  of  this  flux.  It  was  decided  to  use  the  same  time  in¬ 
tervals  as  Buch,  namely  the  calendar  year  1950,  with  a  half-year  summer  and  a 
half-year  winter  season. 

This  task  has  now  been  accomplished  and  all  of  the  results  are  to  be  published 
in  exUnso  later.  Some  special  aspects  of  this  extensive  study  have  been  treated 
by  Starr  &  Peixcto  (1956),  Peixoto  (1957)  and  Peixoto  &  Saltzhan  (1957). 
The  present  paper,  which  may  be  regarded  as  an  extension  of  the  previous  study 
given,  by  Starr  &  White  (1955)  deals  with  still  another  one  of  these  special  aspects. 
It  constitutes  an  attempt  to  obtain  a  direct  measure  of  the  total  meridional  water 
vapor  flux  and  of  the  moisture  content  in  the  atmosphere,  through  the  averaging 
of  the  daily  observations  at  individual  stations.  Levels  up  to  and  including  500  mb 
for  90  aerologtcal  stations  distributed  throughout  the  northern  hemisphere  as 
presented  by  Starr  &  Peixoto  (1956)  were  used  for  this  purpose. 
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2.  Procedures  and  results  —  Since  we  may  assume  that  to  a  very  High  degree 
of  accuracy,  the  atmosphere  is  in  a  state  of  hydrostatic  equilibrium,  we  shall  take 
the  pressure  p  as  the  vertical  coordinate  and  use  a  {X,  <t>,  p,  t)  coordinate  system. 
Here  X  is  the  longitude,  <I>  the  latitude  and  t  time. 

The  total  horizontal  flux  of  water  vapor  above  a  point  on  the  earth’s  surface 
for  a  given  interval  of  time  defines  a  two-dimensional  vector  field  given  by 

(1)  £(<!>,  X)  =  —  |  j  ql'dpdl. 

The  respective  zonal  and  meridional  components  in  the  (X,  <!>,  p,  t)  system  are  re¬ 
presented  by  the  expressions 


<2) 


1 

I 


Qx 


qudpdt  ; 


qrdpdl  ; 


where  g  is  the  acceleration  of  gravity,  q  the  specific  humidity,  u  and  v  the  zonal 
and  meridional  components  of  the  wind  field  V,  at  a  given  level  p ,  counted  positive 
eastward  and  northward,  dp  an  dement  of  pressure  in  the  vertical  and  dl  an  element 
of  time. 

Similarly,  the  precipitahle  water  vapor  contained  in  a  unit  column  of  air  at 
a  given  instant  at  a  point  on  the  earth’s  surface  is  expressed  by 


(3) 


W  {d>.  X.t) 


The  pressure  integrations  in  (1),  (2)  and  (3)  extend  from  zero  to  the  value  of  the 
pressure  at  the  surface. 

For  an  interval  of  time  t,  expressions  (1),  (2)  and  (3)  may  be  averaged  with 
respect  to  time,  following  the  customary  procedure,  leading  to  the  corresponding 
— ► 

mean  values  Q,  Qk,  Q®  and  JF^,  where  the  bar  defined  by  the  operator 


W  (  ')  -  --  |  (  )di 

'  -  o 

denotes,  then,  the  time  average.  In  the  calculations  three  values  of  the  time  do¬ 
main  t  were  used,  i.e.,  one  winter  half-year,  one  summer  half-year  and  the  whole 
year  1950. 

Ill  the  evaluation  from  the  data  the  network  presented  by  Stark  &  White 
(1955)  was  much  extended.  In  order  to  facilitate  the  analysis  of  maps,  some  stat¬ 
ions  near  the  equator  in  the  southern  hemisphere  were  also  added.  The  evaluation 
of  the  expressions  (2)  and  (3),  and  the  corresponding  time  means,  were  carried  out 
independently  for  each  station,  using  actual  wind  and  humidity  values  reported 
daily  for  the  levels  surface,  1000,  850,  TOO,  500  mb,  except  where  the  elevation  of 
the  earth’s  surface  interfered. 
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Fig,  1-a  *  Time  average 
of  the  vertically  integrated 
meridional  transport  of 
moisture  in  10*  gm  cm~l 
aft'1  for  the  year  1950. 
is  denotes  transport  from 
south  to  north. 


The  exact  upper  level  at  which  the  integrands  could  he  assumed  to  vanish 
was  found  to  make  but  little  difference  for  the  total  flux  and  water  vapor  content.. 
It  was  seen  from  trial  calculations  for  several  stations  that  levels  higher  than  the 


Fig.  1-b  -Time  overage 
of  the  vertically  integrated 
meridional  transport  of 
moisture  in  10s  gm  m"1 
sec'1  for  the  winter  months 
1950. 


vmret 
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fig.  X-c  -  Time  overage 
of  the  vertically  integrated 
meridional  transport  of 
moisture  in  10»  gfa  cm'1 
tec-1  for  the  summer  months 
1950. 


Summer 


b‘8'>  »i»J  velocities  beyccd  tki,  level  th, 
ofic  (Mclljr  W  lh„  ,he  ,Jiu  "JfJJJ 


re  AS 


Tig.  2-a  -  Time  average  of 
the  vertically  integrated 
values  of  specific  humidity 
( precipitable.  water )  in 
gm  per  cm*  for  the  year 
1950. 
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WINTER 


Fig.  2-b  *  Time  average  of 
the  vertically  integrated 
velvet  of  i petifie  humidity 
( precipitate  water)  in  gm 
per  cm*  for  the  winter 
months  1950. 


too  small  to  be  of  practical  concern  here.  The  integrations  with  respect  to  pres¬ 
sure  were  evaluated  numerically  by  applying  the  trapezoidal  rule. 

For  each  of  the  quantities  Qq  (X,  <J>),  Qx  (X,  <t>)  and  IF  (X,  <£)  maps  were  con¬ 
structed  for  the  entire  calendar  year  1950,  for  the  summer  season  (April-Septem- 


Flg.  2-c  -  Time  average  of 
the  vertically  integrated 
values  of  specific  humidity 
( precipitable  water)  in  gm 
per  cm*  for  the  summer 
months  1950. 


SutfMCR 
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ber )  and  for  tbe  winter  season  (January-Mareh;  Octobcr-Decembcr).  Here  only 
the  Q ^  and  W  maps  are  reproduced,  as  shown  in  Figs.  1-a,  1-h,  1-c;  2-a,  2-b,  2-c. 
It  seems  that  the  mean  monthly  or  even  mean  seasonal  (3  months)  conditions  can¬ 
not  be  examined  on  the  basis  of  only  one  year's  data. 

Using  data  read  off  from  these  maps  for  every  point  of  a  grid  10x10  degrees 
in  longitude  and  latitude  it  was  possible  to  evaluate  numerically  the  quantities 
defined  as  follows 


<5) 


/  2*  [(?*<«>)]  »  (f  ^(X,  <b)dx 

)  , 

(WO)]-  — )>  »’<».*)*• 


iXumerical  estimates  of  the  latitudinal  distributions  of  tbe  poleward  water  vapor 
flux  and  the  mean  precipitable  water  in  the  atmosphere  were  thus  obtained.  These 
values  are  given  in  tables  I  and  II  and  the  corresponding  curves  arc  shown  in 
Figs.  3  and  4  below  (*).  The  units  are  respectively  1011  gm  see-1  for  the  flux  and. 
gm  cm"!  for  [  W}. 

In  the  {X,  ()  coordinate  system  the  horizontal  divergence  of  Q  (X,  (I>) 

is  expressed  by 

—  1  /  3QX  d  \ 

(6)  V.  Q  =  — - —  ----  +  <(W>  eos  4>) 

Jf  cos  <I>  \  3X  d<l>  / 


where  R  is  the  radius  of  the  earth  assumed  constant  (6.371  X  10®  cm).  The  di¬ 
vergence  by  ten  degree  latitude  belts  was  also  computed  by  the  expression 


V .  <?  (<»)  * 


1 


R  cos  <P  5<J> 


<ji  m  <*,  x) 


cos  <J>)  </X  , 


since 

where  the  derivatives  were  evaluated  by  finite  difference  approximation.  These 
values  give,  by  virtue  of  the  continuity  principle,  the  meridional  distribution  of 
the  zonally  averaged  difference  between  precipitation  minus  evaporation.  The 
corresponding  values  in  cm  per  year  are  given  in  table  III,  Basically,  the  curves 
that  represent  this  divergence  are  the  derivatives  with  respect  to  the  latitude  of 
the  profiles  given  in  Fig.  3,  and  we  therefore  do  not  give  their  graphical  represen¬ 
tations. 


(*)  Due  to  a  somewhat  unequal  partition  of  the  number  of  observations  between 
summer  and  winter  the  yearly  means  are  not  exactly  the  average  of  the  individual 
seasonal  means. 
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Table  I :  Numerical  values  of  water  vapor  flux  across  the  specified  latitudes  for  the 
northern  hemisphere  in  units  of  10u  grams  per  second. 


" 

Latitude 

80 

70 

60 

>  s 

1 

45 

40 

30 

20 

r  n 

10 

0 

] 

If 

S 

Winter  ..... 

—0.10 

+  0.64 

+  2.24 

+  4.48 

+  5.04 

+  5.36 

-f~  i 

—3.68 

—14.36 

— 9.323 

Summer  .... 

—0.12 

+0.48 

+  2.44 

+6.80 

+  6.92 

+  5.64 

+  2.11 

—1.84 

+ 1 .92 

fl 

-j-  9.08ji 

IS 

Year  . 

—0.11 

-h0.54 

+  2.36 

l  5.32 

+  5.80 

+  5.46 

+  2.91 

—2.70 

—6.16 

0.0 

! 

!i 

Table  II:  The  meridional  distribution  of  tonally  averaged  precipitable  water  vapor  content 
at  specified  latitudes  in  grams  per  square  centimeter. 


Latitude 

80 

70 

SO 

45 

40 

30 

20 

10 

ii 

0  ji 

1 

it 

' 

,  Winter  . 

0.22 

0.34 

0.55 

0.77 

0.96 

1.19 

1.94 

2.61 

3.58 

1! 

4.22 

4.48  j 

li 

4.39  |! 

1  Summer  . 

0.78 

1.02 

1.33 

1.78 

2.24 

2.81 

3.39 

3.98 

Year  . 

0.48 

0,61 

0.96 

1.33 

1.53 

1.77 

2.40 

3.08 

3.83 

Although  the  figures  given  in  tables  I  and  III  agree  fairly  well  with  normals 
deduced  through  other  methods  by  several  climatologists,  as  quoted  by  Stahb  & 
White  (1955)  and  reproduced  below,  it  must  be  remembered  that  the  actual  values 
obtained  here  are  for  only  one  specific  year.  Furthermore,  a  number  of  rather 


Table  III:  The  meridional  distribution  of  tonally  averaged  difference  between  precipitation 
minus  evaporation  by  ter  degree  latitude  belts  jor  the  northern  hemisphere  as  computed 
from  atmospheric  transport  data.  The  units  are  cm  per  year.  Independent  previous 
estimates  of  normals  made  by  climatologists  named  appear  in  the  two  last  lines. 


Latitude  nelt 

80-70 

70-60 

60-50 

50-40 

40-30 

30-20 

20-10 

1 

Winter  . 

—  8.0 

4  20.0 

+  26.5 

+  27.3 

-r  8.7 

—13.2 

— 57.8 

— 77.4 

+  35.4! 

Summer  . 

—  9.6 

+  15.7 

+  32.5 

+  53.2 

—11.5 

— 30.2 

—30.5 

-U-  7  *> 

•  “ 

m 

Year  . 

—  8.E 

+  17.3 

+  30.1 

+  36.1 

+  1.4 

—21.8 

—43.3 

—25.1 

+  43.3 

CoNUAD-WtiST  ..... 

+  8 

+  22 

+  25 

+  32 

-f32 

—19 

— 48 

— 37 

+  43 

Benton-WOst  . 

+  16 

_ 

+  11 

+  25 

+  22 

+  19 

—24 

—  35 

—34 

-f-46  j 

_ _ j 
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obvious  shortcc  tilings  involved  both  in  the  data  and  in  computation  techniques 
must  be  takes  into  account,  as  pointed  out  by  Stare  &  WhiTK  (1954,  1955).  Never¬ 
theless,  it  seems  that  the  essential  characteristics  of  the  total  meridional  water 
vapor  flux  and  distribution  of  water  vapor  are  well  portrayed  in  the  present  study. 

3.  Some  general  comments  —  An  inspection  of  Figs.  1-a,  1-b,  t-e  shows  imme¬ 
diately  that  the  most  prominent  feature  In  the  poleward  water  vapor  flux  is  the 
uonaonsi  assy flametry  revealed  by  the  existence  of  northward!  (positive)  and  south- 


Fig.  3  -  The  meridional  distribution  of  xonally  averaged  mater  vapor  flux  in  the  atmosphere 
computed  from  atmospheric  data.  The  solid  curve  represents  the  yearly  distribution, 
the  dotted-dashed  winter  and  the  dashed  the  summer  distribution.  The  units  are 

10u  gm  sec-1. 


ward  (negative)  centers  which  differ  in  shape,  size,  location  and  intensity'.  The 
general  pattern  is  of  course  in  a  large  measure  controlled  by  the  prevailing  atmo¬ 
spheric  circulation,  as  follows  from  synoptic  experience. 

This  state  of  affairs  shows  how  cautious  one  must  be  when  extending  the  re¬ 
sults  obtained  from  a  single  station,  or  from  a  number  of  stations  in  a  limited  geo¬ 
graphical  region,  to  the  whole  hemisphere  in  order  to  deduce  the  behavior  of  the 
general  circulation.  This  procedure  might  lead  to  a  fictitious  kind  of  symmetrical 
model  that  oversimplifies  the  true  conditions. 
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By-and-large  a  northward  flux  prevails  over  the  middle  latitude  regions, 
whereas  a  southward  transport  predominates  over  the  lower  latitudes  and  probably 
to  a  slight  extent  over  a  small  area  in  the  polar  region.  The  annual  map  shows 
that,  on  the  average,  over  the  equator,  regions  of  positive  and  negative  flux  ha* 
Isuec  each  other,  so  that  the  net  moisture  flow  is  practically  zero, 

When  summer  and  winter  maps  are  compared,  some  striking  differences 
appear  in  the  position  and  intensity  of  the  centers  of  flax.  An  interesting  feature 
exhibited  is  the  seasonal  reversal  of  direction  of  the  Sow  over  the  larger  part  of 
the  Bay  of  Bengal,  the  south  China  Sea,  the  equatorial  portion  of  the  western 
Pacific,  and  over  the  Golf  of  Guinea  and  the  adjacent  African  region.  This  oscil¬ 
lation  is  responsible  for  a  net  positive  moisture  flow  across  the  equator  during 
summer  and  an  opposite  flow  during  winter,  and  is  a  reflection  of  the  monsoon 
effects  and  the  well  known  shifting  toward  the  north  of  the  intertropical  coaver* 
genet  region,  during  summer.  On  all  three  maps  the  region  of  maximum  north¬ 
ward  flux  is  clearly  associated  with  the  mean  position  of  the  polar  front  in  each 
case. 

Unlike  the  meridional  flux,  the  distribution  of  preeipitable  water  vapor  shown 
in  Fig.  2  is  more  regular,  and  the  general  pattern  of  the  analysis  does  not  differ 
greatly  front  one  map  to  another.  There  is,  however,  a  general  increase  at  all 
the  latitudes  of  the  moisture  content  from  winter  to  summer,  which  is  clearly 
seen  from  the  areas  limited  by  the  isolines  of  1 .0  gin  cm“*  and  3.0  gm  cm~*,  for 
instance,  in  each  season.  The  configuration  of  the  1.0  gui  cm"s  isoline  is  very 
interesting  since  it  reveals  the  effects  of  the  influence  of  continent a  and  oceans. 
Low  values  are  also  observed  over  tbe  deserts  in  general,  e.g.,  northern  Mexico 
and  southwestern  United  States,  Sahara,  Arabia,  Iraq  and  Iran,  etc. 

Figs.  3  and  4  summarize  the  main  characteristics  of  tbe  meridional  flux  and 
the  occurrence  of  water  vapor  in  the  northern  hemisphere  with  respect  to  latitude. 
It  is  obvious  that  these  curves  depict  many  of  the  points  already  stated  in  the  di¬ 
scussion  of  the  maps.  The  largest  positive  value  of  the  flux  is  in  the  neighbor¬ 
hood  of  45°  and  the  largest  negative  value,  much  stronger  in  winter  than  in  sum¬ 
mer,  occurs  in  the  neighborhood  of  10°  with  a  northward  displacement  in  Biunzner. 
The  subtropical  regions  always  act  as  a  source  of  moisture  (dbQotVd* I*  >  0),  with 
a  considerable  £  isonai  variation,  while  the  equatorial  and  middle  latitude  regions 
act  primarily  as  sinks  (d{$4>]/30  <  0).  Probably  the  polar  region  acts  as  a  source 
as  seems  to  be  indicated  by  the  position  of  the  zero  isoiine  around  that  area  (Figs. 
l*a,  1-b,  1-c). 

The  magnitude  of  the  maximum  positive  flux  is  higher  during  summer  than 
during  winter.  On  the  other  hand,  air  motions  in  middle  latitudes  are  much  less 
vigorous  in  summer  on  the  average.  It  must  therefore  follow  that  the  higher  sum¬ 
mer  transports  reflect  the  effect  of  much  higher  moisture  values  and  more  intense, 
moisture  fluctuations  in  summer. 

As  regards  the  magnitude  of  the  mean  precipitable  water  content,  the  lati¬ 
tudinal  profile  (Fig.  4)  also  shows  a  seasonal  variation  with  lower  values  during 
the  winter  as  expected,  and  a  continuous  decrease  northward  {#{  W  { <t>)  ]/3<l>  <  0) 
in  all  cases.  The  storage  of  the  atmosphere  is  very  small.  Thus  a  simple  compu¬ 
tation  shows  that  the  entire  atmospheric  water  content  could  be  removed  within 
a  period  of  about  ten  days  by  the  mean  rainfall  acting  alone. 

The  occurrence  and  transport  of  moisture  in  the  atmosphere  play  an  impor- 
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tant  role  iu  many  atmospheric  processes.  Particularly  the  trausport  of  energy 
ia  latent  heat  form,  constitutes  an  important  feature  of  the  energetics  of  the  at¬ 
mosphere.  The  efficiency  of  this  energy  transport  is  best  seen  when  we  express 
the  figures  given  in  table  I  in  energy  units  by  multiplying  them  by  the  latent  heat 


Fig.  4  •  The  meridional  distribution  of  tonally  averaged  precipitalle  tcater  vapor  content 
computed  from  atmospheric  data.  The  solid  curve  represents  the  yearly  distribution, 
the  dotted-dashed  winter  and  the  dashed  the  summer  distribution.  The  units  are 

gin  per  cm*. 


of  water  vapor.  The  magnitude  of  the  results  is  such  as  to  be  comparable  with 
meridional  transports  of  other  forms  of  energy  (see,  e.g.,  Stahk  &  White,  1954). 

It  is  worthwhile  tc  point  out  that  a  high  value  of  the  water  vapor  flux  is  not 
the  quantum  satis  for  the  occurrence  of  precipitation,  but  rather  the  precipitation 
is  more  directly  associated  with  the  field  of  convergence  (Stahh  &  Peixoto,  1956). 
A  high  value  of  moisture  convergence  into  a  given  region  is  a  sufficient  condition 
for  the  maintenance  of  precipitation,  once  it  is  started.  On  the  other  hand,  although 
it  may  happen  that  the  moisture  for  the  occurence  of  precipitation  over  some  li¬ 
mited  area  is  derived  from  evaporation  in  situ ,  this  sort  of  balance  is  not  generally 
present. 

Aknowlegments  —  The  research  reported  in  this  paper  has  been  sponsored 
by  the  Geophysics  Research  Directorate  of  the  Air  Force  Cambridge  Resesch 
Center.  The  authors  wish  to  thank  Miss  Barbara  Williams  for  supervising 
much  of  the  computational  work  performed  bv  the  General  Circulation  Project, 
M.I.T. 


REFERENCES 

Benton,  C.  S.  &  Estoque,  M.  A,  (1954):  Water  vapor  transfer  over  the  North  Ame¬ 
rican  continent.  J.  Met,,  11,  pp.  462.477.  —  Bgch,  H.  (1954):  Hemispheric  Wind  Con¬ 
ditions  During  the  Year  1950.  Final  Report  Port  II,  General  Circulation  Project,  M.I.T. 
—  Peixoto,  J.  P.  (1957):  Doctoral  Dissertation,  University  of  Lisbon.  —  Peixo¬ 
to,  J.  P.  &  Saltzma.n,  B,  (1957):  Harmonic  analysis  of  the  mean  tcater  vapor 
distribution  for  the  year  1950  (to  be  published).  —  Starr,  V,  P.  (1951):  The  physical 


-492- 


basis  for  the  general  circulation,  pp.  541-550,  Camper diurn  of  Meteorology,  Boston,  Amcr. 
Met.  Soc.  —  Starr,  V.  P.  (1951):  Applications  of  energy  principles  to  the  general  cir¬ 
culation.  pp.  568-574,  Compendium  of  Meteorology,  Boston,  Amcr.  Met.  Soc.  —  Starr,  V. 
P.  &  PEIXOTO,  J.  P.  (1956):  On  the  balance  of  water  vapor  and  the  hydrology  of  deserts 
(in  press).  —  Stark,  V.  P.  &  White,  R.  M.  (1954):  Balance  requirements  of  the  general 
circulation  of  the  atmosphere.  Ceophysicai  Research  Papers,  35,  Geophysics  Research 
Directorate,  Cambridge,  Mass.  —  Stark,  V.  P.  &  W'hite,  R.  M.  (195S:  Direct  measu¬ 
rement  of  the  hemispheric  poiewurdflux  of  water  vapor.  Jour,  of  Mar.  Res.,  14,  pp.  217-225. 
—  Sotc.MRFE,  R.  C.  (1956):  Water  balance  and  the  general  circulation  of  the  atmosphere. 
Quart.  J.  Roy.  Met.  Soc.,  82,  pp.  385-396.  —  White,  R.  M.  (1951):  The  meridio¬ 
nal  eddy  flux  of  energy.  Quart.  J,  Boy.  Met.  Soc.,  77,  pp.  188-1H9. 


(Received  10 th  October  1937) 


-493- 


On  the  Global  Balance  of  Water  Vapor  and 
the  Hydrology  of  Deserts 


By  V.  P.  STARR,  Massachusetts  Institute  of  Technology1 
and 


J.  P.  PEIXOTO,  University  of  Lisbon  and  the 
National  Meteorological  Service  of  Portugal 


(Manuscript  received  December  15,  1956) 


Abstract 


An  attempt  is  nude  to  measure  the  horizontal  divergence  of  the  vertically  integrated  moisture 
flux  over  the  northern  hemisphere  for  the  calendar  year  of  1950.  This  is  done  through  the 
evaluation  of  daily  data  for  some  90  upper  air  stations  at  several  levels  up  to  500  mb.  The  final 
map  obtained  indicates  strong  maxima  of  divergence  no:  only  over  certain  oceanic  regions, 
but  also  over  three  separate  arid  regions.  Such  a  result  implies  an  unexpectedly  large  excess  of 
evaporation  over  precipitation  in  these  latter  areas,  which  must  be  balanced  by  convergence  of 
liquid  wacer  on  and  below  the  ground  surface,  unless  the  year  studied  was  rather  completely 
different  from  normal,  this  not  being  so  likely,  however. 


i.  Introduction 

With  the  advent  of  more  plentiful  obser¬ 
vations  concerning  the  troposphere  from 
stations  distributed  over  the  northern  hemi¬ 
sphere,  it  has  become  feasible  to  treat  many 
problems  associated  with  the  terrestrial  hy¬ 
drological  cycle  on  a  hemispheric  basis.  Pre¬ 
viously  many  such  questions  could  be  ap¬ 
proached,  if  at  all,  only  on  a  regional  basis 
with  corresponding  limitations  in  the  signif¬ 
icance  of  results  when  the  general  circula¬ 
tion  processes  and  other  global  questions  are 
at  issue.  Even  when  more  local  investiga¬ 
tions  arc  intended  the  simultaneous  consid¬ 
eration  of  hemispheric  conditions  imparts  a 
sense  of  perspective  not  otherwise  obtainable. 

1  The  research  resulting  in  this  work  has  been  sponsored 
by  the  Geophysics  Research  Directorate  of  the  Air  Forte 
Cambridge  Research  Center,  under  Contract  No.  AF  19 
(604)- 1 000. 


The  importance  of  the  last  remark  is  illus¬ 
trated  by  various  features  of  the  material 
which  follows. 

Probably  one  of  the  first  truly  hemispheric 
attempts  to  measure  directly  from  winds  and 
humidities  the  effect  of  atmospheric  motions 
in  transporting  water  V2por  across  latitude 
circles  was  that  of  White  {1951),  in  an  ef¬ 
fort  to  include  the  contribution  of  latent 
heat  to  the  earth’s  energy  balance.  These 
efforts  were  much  amplified  by  Starr  and 
White  (1954),  again  especially  from  the 
viewpoint  of  the  energy  balance  of  the  gener¬ 
al  circulation.  Oceanographical  and  climato¬ 
logical  aspects  we  re  later  touched  upon  in 
some  still  further  extensions  of  this  work  by 
Starr  and  White  (1955). 

All  of  the  papers  referred  to  involve  the 
assessment  of  the  net  vapor  flux  across  lati¬ 
tude  circles,  following  the  pattern  of  tech- 

Tellus  X  (1958).  11 
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tuques  evolved  for  the  similar  evaluation  of 
the  momentum  flux  in  general  circulation 
studies.  In  the  ease  of  these  latter  endeavors, 
Buch  {1954)  has  shown  that  air  data  for  the 
northern  hemisphere  are  sufficient  not  only 
for  the  calculation  of  zonal  averages  of  the  mo¬ 
mentum  flux,  but  also  for  the  drawing  of  rea¬ 
sonable  hemispheric  yearly  and  seasonal  maps 
of  a  number  of  quantities  involved  in  die  ob¬ 
servational  treatment  of  diis  flux.  It  was  there¬ 
fore  decided  that  the  comparable  maps  for  the 
water  vapor  flux  problem  should  be  drawn 
for  the  same  time  interval  as  was  used  by  Buch, 
namely  the  calendar  year  1950.  The  feasibility 
of  this  plan  was  also  suggested  by  the  studies 
of  moisture  flux  over  North  America  made 
by  Benton  and  Estoque  (1954).  This  aim 
necessitated  extensive  rccomputation  and  aug¬ 
mentation  of  data  tabulations  previously  com¬ 
piled  by  the  General  Circulation  Project  at 
the  Massachusetts  Institute  of  Technology. 

At  die  present  writing  this  task  has  been 
accomplished,  and  the  results  will  be  published 
in  extenso  as  soon  as  time  permits.  In  the 
meantime,  a  survey  of  the  material  is  being 
presented  by  Peixoto  (1958).  Also,  certain 
special  aspects  arc  treated  by  Starr,  Peixoto 
and  Livadas  (1958),  and  by  Peixoto  and 
Saitzman  (1957).  The  present  paper  is  still 
another  such  discussion  dealing  with  the  hydro- 
logical  significance  of  the  results,  especially 
for  some  of  the  principal  desert  areas  of  the 
hemisphere. 

2.  Procedures  and  results 

The  zonal  and  meridional  components  of  the 
horizontal  total  flux  of  water  vapor  above  a 
oint  on  the  earth’s  surface  may  be  represented 
y  the  expressions 

dp  dt;  Qr=jffqvdptit,(i) 

where  q  is  gravity,  q  specific  humidity,  p 
pressure,  t  time  and  u  and  v  are  the  zonal  and 
meridional  wind  components  counted  positive 
eastward  and  northward.  Use  has  here  been 
made  of  the  hydrostatic  relation.  The  pressure 
integration  extends  from  zero  to  the  value  of 
pressure  at  the  surface,  while  the  time  integra¬ 
tion  extends  for  a  period  of  one  year,  in  the 
Ttilus  X  (1958).  11 


present  instance.  It  is  clear  that  the  expressions 

(1)  are  the  components  of  a  vector,  conven- 
-> 

iently  denoted  by  Q,  which  defines  a  two- 
dimensional  vector  field  over  the  earth’s  sur¬ 
face.  It  follows  that  one  may  take  the  (hcri- 

zontal)  divergence  of  Q  and  express  it  in 
terms  of  a  convenient  system  of  coordinates — 
spherical  polar  in  our  case.  We  thus  have 


Here  R  is  the  earth’s  radius  assumed  constant, 
X  is  longitude  and  <f>  latitude. 

From  the  magnitudes  encountered  in  the 
atmosphere,  such  as  that  for  the  precipitable 
water  vapor  contained  in  a  typical  column  of 
air,  it  must  be  concluded  that  die  storage 
effects  are  sufficiently  small  so  that  the  water 
lost  in  regions  of  positive  divergence  must  be 
resupplied  and  that  concentrated  into  regions 
of  convergence  must  be  removed.  Since 
such  corrections  as  the  horizontal  transport 
of  liquid  water  are  small,  the  divergence  must, 
for  all  practical  purposes  then  be  numerically 
equal  to  the  annual  excess  of  evaporation  over 
precipitation. 

In  the  evaluations  tom  data,  the  station 
network  presented  by  Starr  andWraTE  (1955) 
was  significandy  extended  especially  in  Africa 
and  elsewhere.  Some  stations  near  to  the  equa¬ 
tor  in  the  southern  hemisphere  were  used  as 
an  aid  in  the  drawing  of  maps.  The  augmented 
key  station  distribution  is  shown  in  Fig.  1. 
Many  of  the  procedures  followed  are  the  same 
as  those  described  in  the  reference  given.  Thus, 
for  instance,  the  advection  was  computed 
wherever  possible  from  radio  winds  although 
a  number  of  pilot-balloon  stations  again  had  to 
be  resorted  to.  Unlike  the  previous  study,  the 
evaluation  of  the  expressions  (1)  was  carried 
out  independently  for  each  station,  using  wind 
and  humidity  data  reported  daily  from  the 
levels:  surface,  1000  mb,  850  mb,  700  mb  and 
500  mb,  except  where  elevation  of  the  earth’s 
surface  interfered.  Above  500  mb  the  moisture 
transports  are  much  too  small  to  be  of  practical 
concern. 
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Pig.  i.  The  distribution  of  key  stations  over  the  northern  hemisphere  (and  slightly  be¬ 
yond  the  equator)  used  in  the  investigation  of  the  atmospheric  water  vapor  transport. 
A  few  additional  stations  which  are  not  shown  were  also  used  at  times  as  alternates. 


Two  maps  were  then  constructed  and  ana¬ 
lyzed,  one  for  each  of  the  quantities  Qa  and 
Qf.  Using  data  read  oft  from  these  charts  for 

every  io°  of  latitude  and  longitude,  V  *  Q 
was  computed  through  the  use  of  equation  (2), 
measuring  the  derivatives  by  finite  difference 
approximations.  In  this  way  a  value  of  the 
divergence  was  obtained  for  each  io°  interval 
zonally  and  meridionally.  These  were  plotted 
on  a  third  map  and  analyzed,  the  resulting 
picture  being  that  shown  in  Fig.  2.  An  ap- 

— > 

proximate  representation  of  the  field  of  Q 
itself  is  given  in  Fig.  3. 

3.  General  discussion 

It  is  to  be  understood  at  the  outset  that  the 
character  of  observations  at  our  disposal,  and 
the  consequent  methods  which  must  be  resorted 
to  in  performing  calculations  of  the  present 
kind,  prevent  the  reproduction  of  a  vast  amount 


of  detail  which,  without  a  doubt,  is  present 
in  the  true  picture.  Viewing  the  result  then 
only  as  a  general,  first  approximation  to  actu¬ 
ality,  the  writers  have  concluded  that  it 
nevertheless  possesses  much  that  challenges 
one’s  scientific  imagination  and  raises  many 
questions  which  deserve  something  more  than 
mere  facile  answers.  The  following  list  of 
topics  includes  several  such  subjects. 

a.  By  and  large,  the  areas  of  divergence  and 
convergence  balance  for  the  hemisphere  so 
that  there  is  but  little  net  flow  across  the 
equator.  Zonal  averages  along  other  latitudes 
agree  with  corresponding  climatological  esti¬ 
mates  secured  by  independent  means  (see 
Stark,  Peixoto  and  Livadas  1958). 

b.  Large  centers  of  convergence  are  to  be 
found  in  the  general  vicinity  of  the  headwaters 
and  drainage  basins  of  many  large  rivers.  Such 
convergence  is  found  over  the  northwestern 
United  States  and  western  Canada  (Columbia, 

Ttlius  X  <195  S).  11 
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Fig.  z.  Distribution  of  the  horizontal  divergence  of  the  vertically  integrated  total  an¬ 
nual  flux  of  water  vapor  for  the  year  1950.  The  units  are  the  equivalent  depth  of 
liquid  water  in  centimeters  per  year.  The  isoplcths  (full  lines  for  divergence  and  dashed 
for  convergence)  are  entered  for  intervals  of  100  era  per  yen. 


Mississippi,  Colorado,  Mackenzi,  Saskatche¬ 
wan  and  Rio  Grande  rivers);  over  northern 
South  America  (Magdalena,  Orinoco,  and 
Amazon  rivers);  over  eastern  Africa  (Nile, 
Congo,  Juba  and  Scebeli  rivers) ;  over  eastern 
India,  B  urma  an  d  Indo-China  (Ganges,  Brah  ma- 
putra,  Irrawaddy,  Salween,  Yangtze,  Si  Kiang 
and  Mekong  rivers).  In  the  case  of  some  rivers 
of  large  size,  no  particularly  marked  conver¬ 
gence  areas  seem  to  manifest  themselves;  e.g., 
the  Indus  river — a  quite  possible  result  of  de¬ 
ficient  reports  from  central  Asia  where  it  rises. 

c.  Convergence  centers  are  to  be  found  over 
ocean  areas  as  for  example,  the  one  in  the 
western  Pacific.  Since  the  addition  of  such 
large  amounts  of  fresh  water  arc  involved,  the 
resulting  dilution  of  the  mineral  salts  in  sea 
water  is  a  matter  of  consequence  in  ocean o- 
hic  studies. 

Several  areas  of  strong  divergence  are 
located  over  the  oceans;  notably,  over  the 
Ttllul  X  (1958).  II 


southern  Atlantic  and  the  Gulf  of  Mexico,  and 
in  the  mid-Pacific,  These  then  are  majorsources 
for  atmospheric  moisture  as  seems  reasonable 
enough  on  general  meteorological  grounds. 
From  the  standpoint  of  oceanography,  the 
effect  of  the  resulting  concentration  of  salinity 
in  such  locations  has  been  considered.* 

e.  One  of  the  more  striking  and  puzzling 
features  of  Fig.  2  is  the  delineation  of  strong 
divergence  centers  over  a  number  of  (but  not 
all)  deserts.  This  is  indicated  over  northern 
Mexico  and  the  southwestern  United  States, 
over  the  western  Sahara  and  over  the  general 
region  of  Arabia,  Iraq  and  Iran.  The  eastern 
Sahara  and  the  Gobi  are  exceptions,  although 
the  meager  reports  from  central  Asia  may 
again  be  involved  in  the  latter  instance.  Ac- 

’  From  Fig.  2.  by  -  and  -  large  greater  surface  sa¬ 
linities  should  be  expected  in  the  North  Atlantic  than 
in  the  North  Pacific.  A  more  detailed  study  of  this 
subject  is  now  in  progress. 
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Fig.  3.  Approximate  distribution  of  the  net  moisture  transport  vector  averaged  for 
the  year  1950.  It  should  be  stressed  that  the  interdiumal  variability  of  this  quantity  is 
large  and  that  because  of  this  large  standard  deviation  the  rough  streamlines  suggested 
by  this  map  cannot  be  regarded  as  being  also  the  trajectories  of  individual  water  vapor 
particles.  It  is  of  pertinence  to  note  the  good  agreement  of  this  map  with  the  analogous 
one  drawn  by  Benton  and  Estoque  (195*)  for  the  North  American  sector  from 
data  for  the  calendar  year  1949. 


ccpting  the  magnitudes  shown,  it  is  tempting  to 
draw  the  somewhat  startling  conclusion  that 
desert  areas  are  on  a  par  with  oceans  as  major 
sources  of  moisture  for  our  hemispheric  regime 
of  precipitation.  Marry  questions  are  however 
raised  immediately,  and  several  of  these  will 
be  enumerated  in  the  following  section. 

f.  The  divergence  pattern  is  most  directly 
related  to  the  difference  between  the  evapora¬ 
tion  and  precipitation,  as  has  already  been 
explained.  On  the  whole,  some  relation  should 
exist  with  the  (annual)  precipitation  itself, 
nevertheless.  It  follows  that  a  better  analyzed 
set  of  isoplcths  might  have  been  drawn  in 
Fig.  2  by  making  explicit  use  of  a  precipitation 
chart  for  the  hemisphere.  This  was  not  done 
for  several  reasons,  die  lines  having  been 
sketched  without  at  least  deliberate  deference 


to  the  rainfall  distribution.  Since  the  grid-point 
values  are  given,  this  allows  each  reader  to 
make  such  adjustments  as  seem  reasonable  to 
him,  the  process  being  inherently  subjective. 
I11  such  attempts,  it  should  be  kept  in  mind  that 
the  divergence  pattern  for  1950  need  not  be 
exactly  normal,  and  likewise  that  the  pre¬ 
cipitation  for  this  one  year  may  depart  from 
the  longer  term  average  values  at  many  points. 
The  large  area  of  convergence  in  the  western 
Pacific  may  not,  for  example,  be  a  normal 
feature. 

g.  To  the  extent  that  Fig.  2  resembles  the 
long  term  mean  pattern,  it  must  be  accom¬ 
panied  by  an  equal  and  opposite  divergence 
of  water  substance  below  the  base  of  the 
atmosphere  in  the  hydrosphere  and  lithosphere, 
since  continuity  must  be  maintained  and  secular 

tcllm  X  (I95SI.  11 
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changes  in  long  term  storage  are,  no  doubt, 
slow.  Liberation  of  juvenile  and  connate  water 
and  other  such  effects  arc  to  be  reckoned  with 
here,  but  the  sum  total  of  their  contributions 
is  doubtless  small. 

Tliis  compensatory  lower  circulation  cannot 
be  determined  from  a  knowledge  of  its  diver¬ 
gence  alone.  At  best,  the  only  component  of 
it  which  can  so  be  determined  is  an  kroiational 
part,  which  might  nevertheless  be  of  some 
interest.  This  could  be  accomplished  by  insett¬ 
ing  derivatives  of  a  velocity  poten  tial  for  Qa 
and  Q*  in  an  expression  or  the  form  (2)  and 
solving  the  resulting  Poisson  equation  by  finite 
difference  procedures  or  otherwise.  The  stipula¬ 
tion  of  a  given  flow  across  the  equator  com¬ 
pletes  the  specification  of  a  Neumann  type 

Eroblem.  The  resulting  flow  would,  of  course, 
e  ir  determinate  to  the  extent  of  a  quite 
arbitrary  additive  divergence-free  transport. 

h.  During  the  preparation  of  the  vast  amount 
of  data  which  went  into  the  end  product  shown 
in  Fig.  2,  averages  were  also  made  for  shorter 
time  periods.  Such  seasonal  maps  are  not  re¬ 
produce]  here,  since  it  is  thought  that  the 
annual  mean  condition  already  presents  a  suffi¬ 
cient  array  of  problems  without  now  consider¬ 
ing  less  reliable  short  term  pictures.  Plans  are 
now  in  progress  to  treat  additional  years  of 
record,  especially  the  Geophysical  Year.  Upon 
the  completion  of  such  longer  period  averages, 
it  may  be  feasible  to  return  to  the  consideration 
of  seasonal  means. 

i.We  may  pause  but  briefly  here  in  order  to 
ask  philosophical  questions  concerning  our 
material.  The  ramifications  of  the  subject  are 
well  nigh  endless  as  even  slight  reflection  will 
confirm.  Evaporation  fares  best  under  low 
relative  humidities  effectively  produced  by 
descent  of  air.  Why  do  we  have  some  of  the 
hottest  air  on  the  earth's  surface  descending? 
Why,  in  other  places  such  as  southeast  of 
Japan  docs  the  warm  air  ascend  so  vigorously 
but  not  elsewhere  over  certain  other  ocean 
areas  with  seemingly  similar  air  properties? 
Why  docs  the  moisture  evaporate  so  intensely 
in  the  middle  of  the  Pacific  south  of  the 
Aleutians?  Why  over  northern  Korea  and 
eastern  Siberia? 

Answers  to  these  questions  and  others  exist. 
In  many  cases,  simple  statements  of  consider¬ 
able  pertinence  can,  no  doubt,  be  made.  But, 
more  generally,  the  subject  is  part  and  parcel 
Tellu j  X  (1938),  II 


of  the  general  circulation  problem;  to  be  elu¬ 
cidated  fundamentally  not  otherwise  than 
through  a  better  understanding  of  the  whole 
system.  Fortunately,  more  sophisticated  ap¬ 
proaches  to  general  circulation  theory  are  at 
length  gaining  popularity,  and  worthwhile 
results  are  forthcoming  at  an  increasing  rate. 

4.  Comments  on  desert  hydrology 

It  has  long  been  recognized  that  evaporation 
far  exceeds  rainfall  in  most  deserts.  What  is 
surprising  is  the  magnitude  in  Fig.  2  of  the 
evaporation  from  those  arid  regions  already 
enumerated.  How  does  the  water  balance  at 
and  below  the  surface  maintain  itself  in  order 
to  permit  this  large  annual  loss?  Unfortunately, 
the  state  of  our  information  here  is  such  that 
it  is  possible  only  to  speculate  about  the  pro¬ 
cesses  which  may  furnish  the  answer  to  this 
and  other  related  questions.  The  following 
notes  may,  it  is  hoped,  at  least  be  suggestive, 
pending  the  corroboration  of  our  results  from 
independent  data  and  through  other  means. 

a.  Desert  areas  generally  contain  evidence  of 
evaporation  processes.  Thus,  residues  of  salt, 
gypsum  and  other  deposits  left  behind  are 
common.  Presumably,  these  materials  were 
leached  out  from  ground  substances  during 
the  passage  of  water  over  or  through  the 
lithosphere,  although  at  least  occasional  con¬ 
tributions  from  sea  water  cannot  be  ruled  out. 
Special  phenomena  such  as  the  deposition  on 
exposed  rock  surfaces  of  “desert  varnish”  in¬ 
dicate  the  accumulation  of  a  mineral  coating, 
again  through  the  agency  of  evaporation  (sec, 
c.g..  Holmes  1945). 

b.  A  considerable  amount  ofrwater  is  trans¬ 
ported  by  surface  flow  from  surrounding  terri¬ 
tories  of  more  copious  rainfall,  since  deserts 
tend  to  have  an  internal  drainage.  Various 
gorges  and  wadis  mark  the  sites  of  ephemeral 
rivers  which  on  occasion  carry  torrential 
streams  into  the  central  parts  of  the  depressions 
formed  by  wind  erosion.  Such  low  areas  often 
are  below  sea  level.  In  some  instances,  per¬ 
manent  riven  like  the  Volga  and  the  Jordan 
never  find  their  way  to  the  sea,  their  waters 
being  eventually  evaporated  in  toto.  In  other 
cases,  as  with  the  Nile  and  Rio  Grande,  a 
sizeable  fraction  of  the  flow  is  evaporated 
before  the  remainder  is  drained  into  the  ocean. 
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c.  The  flow  of  ground  water  into  deserts 
through  aquifers  and  other  means  (under¬ 
ground  rivers  and  such)  can  and,  no  doubt, 
usually  does  take  place.  If  in  a  circular  region 
one  thousand  kilometers  in  diameter,  onemeter 
of  water  is  to  be  evaporated  annually,  the 
required  inflow  through  porousmedia,  distrib¬ 
uted  uniformly  through  a  depth  of  one  kilo¬ 
meter  around  the  periphery  would  be  much 
less  than  one  millimeter  per  second. 

That  underground  waters  are  abundant  in 
deserts  is  commonly  recognized  because  of  the 
presence  of  oases  and  the  fact  that  many  wells 
have  been  constructed.  It  is  said  that  the  Nile 
receives  water  from  such  sources  on  its  way 
across  the  arid  portions  of  its  course. 

d.  The  problem  of  how  underground  water 
might  rise  from  the  water  table  to  the  surface 
either  as  a  liquid  or  vapor  is  not  known.  In 
places  where  erosion  by  the  wind  has  lowered 
the  floor  of  depressions  sufficiently,  this  ques¬ 
tion  does  not  occur.  Elsewhere,  great  thick¬ 
nesses  of  sand  intervene,  and  studies  would 
have  to  be  made  in  order  to  provide  an 
answer.  Much  might  perhaps  be  learned  in 
this  regard  from  laboratory  experiments. 

e.  Since  much  remains  to  be  verified  as  to 
the  manner  in  which  large  evaporation  in  these 
arid  regions  may  take  place,  it  would  be 
highly  instructive  to  make  extensive  direct 
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measurements  of  the  vertical  water  vapor  trans¬ 
fer  near  the  ground  by  the  standard  methods. 
Even  though  these  procedures  involve  ques¬ 
tions  as  to  the  absolute  accuracy  which  may 
be  obtained,  still  the  order  of  magnitude  of  the 
vertical  transport  can  be  determined.  Due  to 
the  extremes  of  temperature  and  relative  hu¬ 
midity  likely  to  be  encountered,  special  instru¬ 
mental  problems  might  have  to  be  considered 
in  some  detail  in  order  to  achieve  success. 

f.  Without  further  information  it  would 
seem  from  what  has  been  said  that  if  such 
intense  inflows  of  water  into  certain  deserts 
really  do  take  place,  some  potential  economic 
significance  should  be  involved.  The  flow 
might  thus  be  strong  enough  in  order  to  make 
it  profitable  to  install  additional  irrigation 
stations  to  intercept  it  at  strategic  places  de¬ 
pending  upon  hydrological  factors. 

Also,  it  would  appear  that  if  a  strong  vertical 
flow  of  water  in  some  form  takes  place  through 
the  ground  from  the  water  table,  some  means 
might  be  found  for  arresting  it  at  or  near  the 
top  surface.  This  might  result  in  somewhat 
improved  soil  moisture  conditions  for  phut 
growth. 

The  writers  wish  to  express  their  thanks  to 
Professor  G.  C.  Livadas  of  the  University  of 
Thessaloniki  for  valuable  assistance  and  dis¬ 
cussions. 
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HARMONIC  ANALYSIS  OF  THE  MEAN  NORTHERN 
HEMISPHERE  WATER  VAPOR  DISTRIBUTION 
FOR  THE  YEAR  1950  * 

l»y  Jose  P.  Peixoto  (*)  &  Barry  Saltzman  (**) 


Summary  —  Harmonic  analyses  along  latitudes  30n,  45°  anti  60°  of  the  mean  northern 
hemisphere  water  vapor  field  are  presented.  The  seasonal  variations  of  these  spectra 
are  investigated  and  the  relative  contributions  of  the  various  scales  of  mean  eddies 
to  the  meridional  transport  of  water  vapor  are  calculated.  Of  special  interest  is  the 
finding  that  perturbations  of  wave  number  2,  corresponding  to  the  great  continents 
and  oceans,  arc  dominant  at  all  three  latitudes  and  of  primary  importance  in  effecting 
the  northward  transport  of  water  vapor. 

1.  Introduction  —  lu  a  previous  paper  (SaeTZMAN  &Pejxoto,  1957)the  writers 
presented  the  results  of  the  harmonic  analysis  of  the  mean  wind  field  for  the  year 
1950.  In  the  present  study  similar  statistics  for  the  meau  water  vapor  distribution 
arc  presented,  based  again  on  data  for  the  year  1950.  This  water  vapor  data  has 
already  been  the  subject  of  discussion  in  other  connections  by  Starr  &  White 
(1955),  Starr  &  Peixoto  (1958a,  b),  Starr,  Peixoto  &  Livadas  (1958),  and 
Peixoto  {1058a,  b).  The  analysis  given  here  should,  accordingly,  be  viewed  as 
supplementary  to  these  other  studies,  particularly  to  the  papers  by  Starr  &  Pei¬ 
xoto  (1958b)  and  Peixoto  (1958b)  in  which  the  gross  aspects  of  the  yearly  and 
seasonal  mean  water  vapor  field  are  discussed. 

As  in  the  wind  field  study'  our  primary  concerns  in  performing  the  harmonic 
analysis  of  the  mean  water  vapor  field  are  threefold: 

1)  to  determine  the  scales  of  the  dominant  fluctuations  (eddies)  which  com¬ 
prise  the  mean  hemispheric  water  vapor  distribution  and  to  measure  quantitati¬ 
vely  their  amplitudes  and  phases, 

2)  to  determine  the  seasonal  variations  in  the  amplitude  and  phase  of  these 
<i  standing  »  eddies,  and 
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3)  to  determine  the  role  of  the  various  scales  of  standing  eddies  in  effecting 
the  meridional  transport  of  water  vapor. 

Harmonic  analyses  for  components  up  to  wave  number  12  were  performed 
along  three  latitudes  130,  45  and  60  deg)  and  for  three  pressure  surfaces  {350,  700 
and  500  mb),  based  on  data  spaced  at  10  deg  intervals  around  the  latitude  circles 
(36  points).  As  in  the  previous  study  we  denote  the  wave-number  by  n  and  the 
amplitude  and  phase  of  the  harmonic  components  by  the  symbol#  I  F  {tt}  j  and 
c  (it),  respectively,  in  terms  of  which  we  may  write  the  following  expression  for 
the  Fourier  expansion  of  an  arbitrary  function  of  longitude,  /  (X): 


( 1 ) 

where 

(2) 

(3) 

and 

(4) 


ro) = m + 2!  Fwi 504  *  ■  <«>* 


%n 


i  F(»)l  -l-sltop/* 


t  (n)  — -  arc  tan 


1  (")  ) 


0fr  (n)  end  5*  (n)  being  the  real  and  imaginary  parts  of  the  complex  Fourier  coef¬ 
ficient, 

1  rtn  -out 

(S)  F  (»)  = -  f(X)e  dX  -  0,  (n)  —  iff,  (n)  . 

it  Jt 

In  the  present  case  we  shall  consider  the  mean  specific  humidity,  q  whose  complex 
Fourier  coefficient  is  denoted  by  (j>  (n)  —  C>T  {«)  —  fij,  (»). 

The  spectral  function  for  the  meridional  eddy  transport  of  water  vapor  across 
latitude  4>  per  unit  pressure  difference  and  per  unit  rime,  due  to  the  standing  eddies, 
is  given  by 


(6) 


r,  (n) 


~  Wi  <»)  Vi  <«)  +  Q,  <">  V,  (•’»))  , 


where  Vl  and  V,  are  the  real  and  imaginary'  parts  of  the  complex  Fourier  coef¬ 
ficient  of  the  mean  meridional  velocity  (see  Saxtzw'an  &  Pejxoto,  1957),  o  is  the 
radius  of  the  earth,  and  g  is  the  acceleration  of  gravity.  This  expression  satisfies 
the  relation. 


(7) 


2 no  cos  <t> 


T?  <») 


(primes  denote  a  deviation  from  the  zonal  average).  The  significance  of  this  quan¬ 
tity  in  studies  of  the  hemispheric  balance  requirements  has  been  discussed  by 
Pwejstly  (1949),  Starr  &  White  (1952),  Loreisz  (1953)  and  Bentoh  &  La  Suer 
(1953). 

In  order  to  study  seasonal  effects,  the  year  was  divided  into  two  6-month 
periods,  the  « summer  »  period  being  April-September  and  the  «  winter »  period 
being  January-March  and  October- December. 
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Fig.  1  -  Amplitude  spectra  of  the  yearly  and  seasonal  mean  specific  humidity  far  the 

year  1150 


2,  Results  — ~  The  amplitude  spectra  for  the  mean  specific  humidity  are  shown 
in  fig,  1  {*),  It  may  he  seen  that  the  primary  variations  of  the  mean  humidity 
fiield  are  of  long  wave  length  (e.g.,  n  —  1  and  2),  though  in  lower  levels  {850  ml») 
some  significant  variations  are  present  in  the  intermediate  wave  length  band  { n  —  5 
to  9)  at  30  and  45  deg  latitude.  As  would  be  expected  the  greatest,  amplitudes 
arc  found  at  850  mb  and  at  30  deg  latitude. 


0  ■  10  *  £  <  45  <f>  .  SO’ 


big.  3  »  Schematic  representation  of  th~  prominent  leaves  wirh  comprise  the  if  inter  anti 
summer  mean  fields  of  the  specific  humidity  at  850  mb. 


In  Fig.  2  the  corresponding  amplitude  spectra  for  the  mean  meridional  ve¬ 
locity  component  are  presented.  The  500  mb  results  shown  in  this  figure  have 
already  been  discussed  in  detail  by  Saltzman  &  Peixoto  (1957).  Further  re¬ 
ference  will  be  made  to  this  figure  in  discussing  the  meridional  transport  of  water 
vapor  by  the  mean  (i.e.,  standing)  eddies. 

The  phase  characteristics  of  the  water  vapor  harmonics  measured  at  850  mb 
are  shown  in  Fig.  3.  Here  the  6  harmonics  of  greatest  amplitude  at  each  latitude 
arc  drawn  to  scale  showing  their  positions  relative  to  the  fixed  geographical  fea¬ 
tures  and  showing  their  seasonal  variations.  The  seasonal  changes  depicted  are 
related  to  the  reversals  in  circulation  which  develop  between  continental  and  oceanic 


(*)  These  nod  subsequent  spectra  presented  are  discrete  line  spectra  and  hence 
have  meaning  only  for  the  integral  values  of  wave  number. 
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region*.  For  example,  the  striking  phase  shifts  occurring  at  30  deg  in  wave  num¬ 
bers  1  and  2  are  in  large  part  attributable  to  the  pronounced  Asiatic  monsoon. 

In  Fig.  4  the  spectra  for  the  meridional  transport  of  water  vapor  by  the  stand¬ 
ing  eddies  arc  presented.  As  seen  from  (6)  the  transport  effected  by  a  given  wave¬ 
length  depends  on,  1)  the  degree  to  which  perturbations  of  that  wave-length  in 
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Fig.  4  -  Spectra  of  the  meridional  transport  of  water  vapor  per  unit  pressure  difference 
and  per  unit  time  across  latitudes  30°,  45°  and  60°  due  to  the  standing  eddies.  A  posi¬ 
tive  sign  indicates  a  northward  transport. 


the  mean  wind  field  (amplitudes  shown  in  Fig.  2)  are  in  phase  witU  perturbations 
of  the  same  wave  length  in  the  mean  water  vapor  field,  and  2)  on  the  amplitudes 
of  the  waves.  It  is  of  interest,  first,  to  estimate  the  fraction  of  the  total  meridional 
transport,  accounted  for  by  all  of  the  standing  eddies.  This  quantity,  denoted  by 


UiV]} 


UH} 


jn  {-*(»>} 

n»l 
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where  the  curled  brackets  denote  a  vertical  integral  for  the  four  pressure  surfaces, 
1000,  850,  700  and  500  mb,  is  given  in  table  1. 
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Table  1.  —  Fraction  of  the  total  mean  meridional  transport  of  water  vapor  accounted 
for  by  the  standing  perturbations ,  R  ( <!*). 


<i> 

Year 

Summer 

Winter  j; 

30° 

.43 

■ 

1.13 

j; 

,23  !| 

45“ 

.04 

.02 

.16  j| 

60“ 

.11 

-.03 

.25  || 

It  may  be  seen  that  the  effect  of  the  standing  eddies  is  of  greatest  significance 
in  low  latitudes  (d>  —  30)  where  the  quasistationary  disturbances  are  dominant. 
During  the  summer  at  this  latitude  they  are  clearly  the  most  important  factor  in 
transporting  moisture  northward,  the  effect  of  the  transient  disturbances  generally 
being  small.  At  45  deg,  where  the  vigorous  transient  disturbances  exist,  the  stand¬ 
ing  eddies  play  a  very  minor  role,  but  again  at  60  deg,  their  role  increases,  espe¬ 
cially  in  winter  when  the  «  semi-permanent  »  lows  are  most  intense. 

The  spectral  distributions  for  850  mb  shown  in  Fig.  4  indicate  that  the  per¬ 
turbation  of  wave  number  2  is  the  primary  agency  for  the  northward  transport 
of  w'ater  vapor  by  the  mean  field.  This  implies  that  the  high  amplitude  variations 
of  this  scale  in  both  q  and  v  (see  Figs.  1  and  2)  tend  to  be  in  phase.  The  extremely 
high  summer  value  at  30  deg  is  again  a  reflection  of  the  strong  monsoonal  effects 
occurring  on  the  scale  of  the  two  great  continents  and  oceans. 

To  conclude,  it  is  worth  repeat'ng  (see  Stash  &  Peixoto,  1958a)  that  the 
«  explanation »  for  observations  of  the  type  presented  here  cannot  be  achieved 
by  qualitative  arguments  alone,  but  must  come  from  a  complete  dynamical  theory 
of  the  general  circulation  which  includes  the  effects  of  non-homogeneous  surface 
conditions.  The  water  vapor  spectral  distributions  shown  in  Figs.  1  and  3,  for 
example,  cannot  be  accounted  for  without  an  understanding  of  the  dynamical 
effects  which  maintain  the  major  quasi-permanent  features  of  the  circulation. 
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ON  THE  ZONAL  FLUX  OF  WATER  VAPOR 
IN  THE  NORTHERN  HEMISPHERE 


by  V.  P.  Stahb  (*)  &  J.  P.  Pejxotc*  (**) 


Summary  —  In  this  paper  data  are  presented  concerning  the  zonal  transport  of 
water  vapor  at  several  levels  in  the  atmosphere  for  winter,  for  summer  and  for  the 
calendar  year  of  1950,  over  the  northern  hemisphere.  Vertical  integrals  and  zona! 
averages  are  included  in  the  discussion. 

In  a  previous  paper  (Stark,  Peixoto  &  Levadas,  1958)  the  authors  presented 
and  discussed  the  results  of  the  computation  for  the  year  1950  cf  the  mean  meridional 
total  flux  of  -water  vapor  m  the  northern  hemisphere.  The  present  note,  which 
may  he  regarded  as  an  extension  of  that  paper,  deals  with  the  results  obtained  in 
the  study  of  the  mean  zonal  flow  of  moisture.  The  approach  and  procedures  fol¬ 
lowed  were  similar  to  those  used  and  discussed  by  the  writers  in  the  above  men¬ 
tioned  paper. 

Since  the  atmosphere  is  to  a  high  degree  of  accuracy  in  a  state  of  hydrostatic 
equilibrium,  the  pressure  p  was  taken  as  the  vertical  coordinate  and  a  (X,  <t>,  p,  t) 
coordinate  system  was  used,  where  X  denotes  longitudes,  <J)  latitude  and  1  time. 
At  a  given  isobaric  level  the  mean  horizontal  transport  field  of  water  vapor  in  the 
time  interval  t  is  represented  by 


(1) 


-  1  r  - 

F  (X  ,  <1>  ,  p)  — -  I  qv  dt 

s~  J 


where  g  is  the  acceleration  of  gravity,  q  is  the  specific  humidity,  v  ig  the  (horizontal) 
vector  wind  with  eastward  and  northward  components  u,  v.  Let  us  define  the  bar 
operator  as  time  average  for  the  time  interval  t. 


(2) 


(  )  at  ~  j  (  )dt. 


(*)  Massachusetts  Institute  of  Technology,  Cambridge  39,  Mass.  (E.S.A.). 

(**)  University  of  Lisbon ,  National  Meteorological  Service  of  Portugal. 
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It  follows  that  the  time  average  of  the  zonal  component  of  F  is  given  by 


(3) 


Fa  - 


-  /  eu  dt 

gr  .1 


qu 


which  may  be  expressed  in  units  of  grama  per  centimeter  per  sec  per  millibar. 
The  total  zonal  mean  flux  of  water  vapor  above  a  point  on  the  earth’s  surface  is 
given  by 


(-)  Qi  —  j  I  tfu  dp  at  ns  j  dp 

where  p0  represents  the  mean  value  of  the  surface  pressure.  (>A  may,  of  course, 
be  measured  in  grams  per  centimeter  per  second. 

The  evaluation  of  the  expressions  (3)  and  (4)  were  carried  out  independently 
for  each  station  using  daily  actual  wind  and  humidity  measurements  for  the  levels 
surface,  1000,  850,  700,  500  mb.  The  time  means  were  computed  for  the  calendar 
year  1950,  for  the  cummer  season  (April  -  September,  inclusive)  and  for  the  winter 


Fig.  la  •  Time  average  of  the  vertically  integrated  tonal  transport  of  moisture  in  102  grants 
per  centimeter  per  second  for  the  year  1950.  Isoline  spacing  (full  curves)  10*  gm  tnr' 
sec"1.  W  denotes  transport  from  west  to  east. 


Tig.  14  -  Time  average  of  the  vertically  integrated  zonal  transport  of  moisture  in  JO2  grams 
per  centimeter  per  second  for  the  summer,  1950. 

season.  The  local  values  of  f\  and  of  Q*  were  plotted  on  hemispheric  maps  and  the 
analysis  of  these  fields  was  performed  using  standard  methods.  Here  only  the  Q* 
maps  are  presented  (Fig.  la.  Fig.  lb.  Fig.  lc). 

Using  grid-point  values  of  F\  and  of  read  from  the  maps  at  every  10  degree 
gridpoint  of  longitude  and  latitude,  it  was  possible  to  evaluate  the  respective  zonal 
mean  values,  defined  as  follows: 

IP'l  --  cj)  Q*  d\  . 

The  meridional  distribution  of  [$,*]  for  the  year,  for  summer  and  for  winter 
together  with  [J’A]  for  the  year  are  given  in  tables  I  and  II.  The  corresponding 
curves  of  [$*}  are  presented  in  Fig.  2. 

The  predominant  features  of  the  maps  are  consistent  with  the  distribution 
of  the  mean  zonal  wind  current.  Thus,  a  broad  baud  of  mean  westerly  transport 
occurs  in  the  middle  latitudes  with  several  centers  of  maximum  value.  Bands  o 
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Fig.  lc  -  Time  average  of  the  vertically  integrated  zonal  transport  of  moisture  in  10*  grams 
jier  centimeter  per  second  for  the  winter ,  1950. 
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easterly  transport  are  present  to  the  north  and  south.  The  positions  of  the  Eero 
isolines  which  separate  the  westerly  from  the  easterly  flux,  shift  to  the  north  during 
the  summer  following  the  mean  position  of  the  centers  of  the  sub-tropical  anti¬ 
cyclones  and  sub-polar  lows. 

The  westerly  transport  of  water  vapor  &a  shown  in  table  II  attains  its  maximum 
value  in  the  lower  troposphere,  around  the  8t)0-mb  level,  whereas  the  maximum 
easterly  flux  observed  in  low  latitudes  occurs  near  the  surface,  being  stronger  in 
winter  on  the  average. 

Figure  2  summarizes  the  main  characteristics  of  the  zonal  flux.  The  largest 


Fig.  2  -  The  meridional  distribution  of  the  mean  tonal  flux  of  water  vapor  in  the  atmosphere 
computed  from  atmospheric  data.  The  solid  curve  represents  the  yearly  distribution, 
the  dotted-dashed  winter,  and  the  dashed  the  summer  distribution.  The  units  are  10* 

gm  cm-'  sec-1. 

positive  value  of  the  flux  is  in  the  neighborhood  of  45°,  with  a  northward  displace¬ 
ment  in  summer.  The  largest  negative  value,  much  stronger  in  winter  than  in  sum¬ 
mer,  occurs  in  the  equatorial  region.  The  magnitude  of  the  maximum  positive 
flux  is  higher  during  summer  than  during  winter. 
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ON  THE  GLOBAL  WATER  VALOUR  BALANCE  AND  THE  HYDROLOGICAL 

CYCLE 

BY  J.  P.  PEIXOTO 

Semifo  MeleoroUgico  dr  Angola 

Introduction 

Quantitative  descriptions  of  the  water  balance  at  the  earth’s  surface  have  in  the  past  been 
based  mainly  upon  the  study  of  the  terrestrial  branch  of  the  hydrological  cycle  through  the 
use  of  the  so-called  equation  of  hydrology.  However,  the  great  difficulties  in  obtaining  rtliable 
measurements  of  the  evaporation  and,  to  some  extent,  of  the  precipitation  and  of  the  storage 
have  always  limited  the  application  of  this  equation.  A  new  approach  to  the  study  of  the 
hydrological  problems  which  bypasses  some  of  these  difficulties  has  recently  started  to  emerge 
with  the  realization  that  it  is  possible  to  measure  with  fair  accuracy  the  field  of  water  vapour 
transport  in  the  atmosphere,  directly  from  the  aerological  observations.  In  this  manner,  the 
difference  between  evaporation  and  precipitation  over  a  given  region  is  inferred  by  con¬ 
tinuity  requirements  from  a  knowledge  of  the  upper-air  branch  of  the  hydrological  cycle. 
Use  of  water  vapour  transport  data  to  evaluate  the  water  balance  of  a  given  region  of  the 
atmosphere  lias  been  made  by  Wundt  [15J,  Benton  and  Estoque  [i],  Starr  and  White  [13] 
among  others.  The  first  attempt  to  measure  water  vapour  transport  on  a  hemispheric  scale 
directly  from  the  wind  and  humidity  observations  was  that  of  White  [14]  for  the  purpose  of 
including  the  contribution  of  latent  heat  in  the  study  of  the  energetics  of  the  earth-atmosphere 
system.  Later,  these  studies  were  much  amplified  by  Starr  and  Peixoto  [10]. 

In  view  of  the  improved  quality  and  quantity  of  aerological  date  for  the  northern  hemi¬ 
sphere,  such  as  formed  the  basis  for  Buch’s  atlas  of  hemispheric  wind  conditions  fa],  a  complete 
set  of  hemispheric  maps  of  several  quantities  of  importance  in  the  study  of  the  water  vapour 
and  water  vapour  transport  fields  was  prepared  and  published  in  exlcnso  by  the  General 
Circulation  Project  at  M.I.T.  [4,  6,  7].  • 

Some  special  aspects  of  this  study  have  been  treated  on  several  occasions  elsewhere  by 
the  author,  in  collaboration  with  others.  The  present  paper  constitutes  an  attempt  to  study 
the  hydrological  implications  of  the  field  of  divergence  of  water  vapour  flux,  as  evaluated  by 
Starr  and  Peixoto  [10],  stressing  the  importance  of  such  an  approach  in  studying  the  hydrology 
of  broad  regions.  Special  attention  will  be  given  in  this  discussion  to  the  water  divergence 
field  in  the  northern  part  of  the  continent  of  .Africa. 

The  water  vapour  balance  equation  as  an  equation  of  hydrology 

In  view  of  the  principle  of  conservation  of  mass,  water  cannot  be  created  or  destroyed 
within  the  atmosphere.  Moreover,  there  is  no  significant  net  inflow  or  net  outflow  of  water  in 
the  atmosphere  as  a  whole.  The  necessity  for  the  transport  of  water  in  the  atmosphere  arises 
from  the  existence  of  an  excess  of  precipitation  over  evaporation  in  certain  areas  of  the  globe 
with  a  reversal  of  these  conditions  in  other  regions.  Since  in  the  long  time  average  the  storage 
effects  of  the  atmosphere  for  the  water  vapour  are  small  enough  to  be  disregarded,  and  since 
for  a  sufficiently  long  interval  of  time  the  amount  of  precipitable  water  does  not  change 
appreciably,  the  excess  and  the  deficits  must  be  balanced  by  the  transport  of  water  by  atmo¬ 
spheric  circulations.  This  transport  may  occur  in  any  one  of  the  three  phases  of  water  but  the 
transport  in  solid  and  liquid  phases  appears  to  be  quite  small  compared  to  the  transport  in 
the  vapour  phase  except  possibly  in  the  tropical  regions  where  the  southward  transport  of 
water  in  liquid  phase  may  be  of  some  importance. 

Thus  the  flux  of  water  is  accomplished  mainly  by  the  exchange  of  nearly  equal  masses  of 
moist  air  with  different  concentrations  of  water.  Since  we  may  assume  that,  to  a  very  high 
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degree  of  accuracy,  the  atmosphere  is  in  hydrostatic  equilibrium,  we  shall  take  the  pressure 
p  as  the  vertical  coordinate  and  use  a  (A,  <*>,  p,  t)  coordinate  system  where  A  denotes  the 
longitude,  <p  the  latitude  and  t  the  time.  If  we  consider  at  each  point  of  the  earth’s  surface  a 
unit  column  of  air  which  extends  from  the  surface  to  the  top  of  the  atmosphere,  the  total 
horizontal  flux  of  water  vapour  above  that  point,  for  a  given  interval  of  time  r,  defines  a 
two-dimensional  vector  field  given  by 

<k(K4>)  =  -  jj  qv.dp.dt  (t) 


The  respective  zonal  and  meridional  components  in  the  (A,  <f>,  p,  t)  system  are  represented  by 


«*- ifS 


qu  ,  dp  .  dt 


qv  dp  dt 


(a) 


where  g  is  the  acceleration  of  gravity,  q  the  specific  humidity,  u  and  v  the  zonal  and  meridional 
components  of  the  wind  field  »  (=  u  I  -)- v  I  ^),  at  a  given  level  p,  positive  eastward  and 
northward,  dp  an  element  of  pressure  in  the  vertical  and  dt  an  element  of  time. 

The  precipi table  water  contained  in  a  unit  column  of  air  at  a  given  instant  at  a  point  on 
the  earth’s  surface  is  expressed  by 

W  {A,  <f>,  t)  =  ~  Jqdp  (3) 


In  writing  the  expressions  (i),  (a)  and  (3),  use  has  been  made  of  the  hydrostatic  equilibrium 
condition.  The  pressure  integrations  extend  from  zero  to  the  value  of  the  pressure  at  the 
surface.  Expressions  (t),  (a)  and  {3)  may  be  averaged  with  respect  to  time  over  the  interval 
r,  leading  to  the  corresponding  mean  values  Q,  Qi,  Q.4  and  W,  where  the  bar  denotes  the 
operator: 

n-ifT(  >■*  <« 


Using  the  continuity  equation,  the  water  vapour  balance  equation,  at  a  given  point  of 
the  atmosphere  for  an  instant  t,  can  be  expressed  formally  by  a  general  equation  of  balance,  as 
follows: 


£5 

dt 


+  V  •  qv  + 


dqw 

dp 


^3 

dt 


o  (q) 


(5) 


where  a  (g)  represents  the  rate  of  generation  of  water  vapour  in  the  unit  mass  of  the  atmosphere 

and  w  —  ^  ‘he  individual  rate  of  change  of  pressure.  The  balance  equation  (5)  may  be 

integrated  with  respect  to  pressure  and  in  the  (A,  p,  t)  system  the  resulting  equation  assumes 
the  form: 


aw 

at 


+  ^'il!al(i‘QA)  +-^<a«-*Q*>)  =  £<q>  (6) 

P* 

Jd  q 

— —  w  dp  =  o.  In  equation  (6)  a  represents  the  mean  value  of  the  radius  of  the 

a  p 


W 
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earth  and  2  (q)  the  total  rate  of  generation  of  water  vapour  in  the  unit  column  of  the  atmo¬ 
sphere  at  a  given  point  of  the  globe. 

Since  the  storage  effects  of  die  atmosphere  for  the  water  vapour  are  very  small  (Starr  and 
Peixoto  [to]}  (at  any  rate  much  smaller  than  the  ground  water  storage)  the  local  rate  of 


change  of  pteeipifahie  water  in  the  atmosphere  is  so  small  that 


aw 

dt 


may  be  set  at  zero.  The 


only  sizeable  sources  and  sinks  of  water  vapour  in  the  atmosphere  are  those  due  to  evaporation 
and  condensation  and  this  is  mainly  due  to  effects  at  the  earth's  surface  rather  than  from 
effects  involving  clouds  within  the  atmosphere. 

Thus,  the  rate  of  generation  of  water  vapour  inside  the  unit  column  of  the  atmosphere 
may  be  taken  accurately  enough  as : 


2 


a  (q)  dp  —  E  —  P 


(8) 


As  noted  in  the  introduction,  the  water  transports  in  solid  and  liquid  phases  by  the  clouds 
are  negligible  when  compared  to  the  transport  of  water  in  the  vapour  phase.  It  is  generally 
accepted  that  the  amount  of  water  in  solid  and  liquid  phases  of  a  cloud  is  considerably 
small  when  compared  to  the  water  vapour  content  within  the  corresponding  volume  in  the 
atmosphere. 

Therefore,  in  applying  the  above-mentioned  assumptions  to  the  water  vapour  balance 
equation  (6),  we  are  led  to  an  equation  of  balance  for  the  water  component,  which  reads  as 
follows: 


__L-  + 

a  cos  <j>  l  dX 


(9) 


If  the  balance  equation  (q)  is  to  be  applied  to  a  region  of  the  atmosphere  bounded  by  a 
vertical  cylindrical  wall  which  defines  an  area  A  on  the  earth’s  surface  hounded  by  a  closed 
curve  c  (e.g.  a  river  drainage  basin,  etc.)  equation  (9)  may  be  transformed  by  the  Ostrogradsky- 
Gauss  theorem  into: 

lA  j>  (Q,  uj  dc  E  -  P  (to) 


where  Ik  denotes  the  outward  normal  vector  at  any  point  on  c. 

Equations  (5),  (6),  (9)  and  (10)  may  be  averaged  with  respect  to  time  by  applying  the 
bar  operator  as  defined  by  (4)  to  both  members  of  these  equations.  Since  the  “bar”  and 
divergence  operators  are  permutable  and  the  order  of  integration  in  the  resulting  equation 
(to)  is  immaterial,  we  can  write  the  balance  equations  as  follows: 


— L  ~  f  —  <J  A  -f  —  (Q*  cos  4)  }  -  E  —  P  (9s) 

a  cos  < p  \  oA  dX  ) 

and 

^  j>  (Q-  nj  dc  =  E  -  P  (!«*) 

Equation  (9)  or  (ga)  may  be  regarded  as  an  equation  of  hydrology  for  the  atmospheric  branch 
of  the  water  cycle  which  affords  the  means  of  obtaining  reliable  mean  values  of  the  difference 
between  the  evaporation  minus  the  precipitation  without  the  uncertainty  involved,  if  measured 
separately  by  the  direct  instrumental  methods.  This  equation  (9a)  or  (ioa)  provides  us 
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with  an  independent  means  of  estimating  the  water  economy  of  a  given  region  and  once  the 
characteristic  behaviour  of  the  water  vapour  Haw  lias  been  studied,  estimates  of  nm-off, 
storage  effects,  evapo  transpiration  and  other  related  concepts  may  be  considerably  improved. 

In  considering  equations  (9a)  ami  (ioa)  special  attention  must  be  paid  to  the  correct 
meaning  of  (Qa  e.\  t  0.4  <45  •  As  follows  from  equations  (»),  application  cf  the  bar  operator 
will  lead  the  integrands  to  expressions  such  as  qii  and  qv,  which  may  lx  expanded  in  the 
forms: 


|  qu  q  u  -f-  q '  u ' 
|  qv  —  q  v  -j-  q'  v' 


(««) 


where  the  primes  denote  the  deviations  from  time  averages.  In  these  expressions  the  second 
terms,  representing  the  covariance  of  the  instantaneous  values  of  q  and  u  and  of  q  and  v 
at  any  level  and  at  any  point,  are  proportional  to  the  local  zonal  and  meridional  eddy 
transports  of  water  vapour  associated  with  the  “transient”  large-scale  horizontal  eddies, 
while  q  u  and  q  v  measure  the  transports  due  to  the  mean  or  ‘'standing”  fields  of  water 
vapour  and  wind. 

The  zonal  and  meridional  mean  components  of  the  total  vertically  integrated  eddy 
transport  due  to  die  transient  eddies,  given  by  the  expressions 


Q'x  — 

1 

g  . 

j*  q'u'dp 

1 

g  • 

j*  q'  v'  dp 

have  been  computed  by  Starr  and  Peixoto  [ioj  and  it  is  found  that  they  cannot  be  disregarded. 
Hie  meridional  eddy  component  Q.'*,  for  example,  is  of  the  same  order  of  magnitude  as 
the  total  meridional  transport.  Thus  the  approach  that  at  times  lias  been  followed  hy  some 
authors  of  estimating  the  total  meridional  transport  by  the  product  of  the  mean  vertically 
integrated  values  of  q  and  v  leads  to  a  very  poor  estimate. 

A  clearer  appreciation  of  these  facts  is  gained  when  one  considers  an  even  fuller  expansion 
of  qv  than  is  given  by  (11),  and  tries  to  get  a  quantitative  assessment  of  the  different  terms 
and  the  role  that  they  play  in  building  up  the  total  mean  water  vapour  transport  field. 
Thus  we  consider  the  expansion: 


i  /  qv  dp  =  g  /  q  v  dp  +  g  J  q ' v  dp  ~ 

~  ~  [  Jq  dp  J  vdp  ]  +  l  J  V*  dp  +  l  J  ^  dP 


where  the  asterisks  denote  the  deviations  of  point  mean  values  of  q  and  v  from  the  correspon¬ 
ding  vertically  averaged  values. 

Actual  evaluation  of  the  eddy  components  given  by  the  second  and  third  terms  of  right- 
hand  side  of  expansion  (13)  shows  it  to  be  of  too  great  importance  in  most  of  the  cases  to 
be  disregarded,  Starr  and  Peixoto  f  to].  In  considering  only  the  expression  between  brackets 
in  (13)  one  is  running  the  risk  of  not  even  obtaining  the  right  sign  for  the  “estimate”  of  total 
water  vapour  transport. 
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Data  md  procedure 

Using  the  grid  point  values  of  CU  and  of  (£4  for  every  point  of  a  grid  to  x  to  degrees  in 
longitude  and  in  latitude,  the  mean  value  of  the  divergence  of  water  vapour  flux  for  each 
to  x  10-degree  square  was  computed  by  applying  finite  difference  methods,  the  expression 
used  is: 


—  t8  r  - 

Xf-  Q  = - 7  Sftu  COS  fa 

n  a  cos  4>  L 


<*4) 


-  '57  x  5  73  x  — - 

COS^k 


&Qtk  + 


f  SQ^k  cos  <£k  j 


g/cm.'s. 


where  8  represents  centred  differences,  e.g. 

SQtk  -  Qkk+j  -  Qxk  -{ 

In  the  evaluation  from  the  data  a  network  of  90  aerological  stations  scattered  all  over  the 
northern  hemisphere  has  been  used.  In  order  to  facilitate  the  analysis  of  maps  some  stations 
near  the  equator  in  the  southern  hemisphere  were  also  used.  See  Fig.  18.1.  The  evaluation 
of  Qjt  and  given  by  the  expressions  (2)  and  the  corresponding  time  means  was  carried 
out  independently  for  each  station  using  actual  wind  and  moisture  data  reported  daily  during 
the  whole  year  1950  for  the  surface  levels  1 ,000,  850,  700,  500  mb.,  except  where  the  elevation 
of  the  earth’s  surface  interfered.  Unlike  most  of  the  studies  previously  made,  which  were  on  a 
much  smaller  scale,  in  the  present  study  the  geostrophic  wind  approximation  has  not  been 
used. 

The  exact  upper  level  at  which  the  integrands  of  (2)  and  (3)  could  be  assumed  to  vanish 
was  found  to  make  but  little  difference  for  the  total  flux  and  water  vapour  content.  It  was 
found  that  levels  higher  than  500  mb.  were  generally  unnecessary.  The  values  of  the  diver¬ 
gence  have  been  computed  using  the  expression  (14)  and  converted  into  the  equivalent 
differences  E  —  P  in  centimetres  per  year.  They  were  plotted  on  hemispheric  maps  and 
the  analysis  of  the  divergence  field  was  performed  by  the  standard  procedure  drawing  the 
isothims  smoothly,  with  as  close  a  fit  to  the  data  as  possible.  The  isothims  were  entered  for 
intervals  of  100  cm.  per  year. 

Central  discussion 

The  analysis  of  the  divergence  field  is  shown  in  Fig.  1 8.  i .  This  is  the  first  hemispheric 
chart  ever  drawn  from  actual  data  treated  in  the  manner  described  and  was  published  by 
Starr  and  Peixoto  [io],  A  similar  map  for  the  southern  hemisphere  is  not  possible,  due  to 
the  sparsity  of  upper-air  observations  at  the  present  time. 

The  map  shows  the  existence  of  divergence  centres  alternating  with  convergence  centres. 
By  and  large  the  areas  of  divergence  and  convergence  for  the  whole  year  balance  for  the 
hemisphere,  so  there  is  but  a  little  flow  of  water  vapour  across  the  equator,  in  agreement  with 
previous  results  obtained  by  Starr,  Peixoto  and  Livadas  [12],  However,  summer  and  winter 
analyses  not  presented  here  differ  substantially.  In  summer,  the  convergence  area  pre¬ 
dominates,  whereas  in  the  winter  the  areas  of  divergence  exceed  those  of  convergence  with 
a  corresponding  influx  and  outflux,  respectively,  across  the  equator.  The  monsoon  effect, 
for  example,  is  very  well  in  evidence.  _____ 

As  results  from  the  classic  equation  of  hydrology,  regions  where  y.  Q  =  E  —  P  is  negative 
must  possess  a  means  for  the  disposal  of  the  excess  water  which  falls.  Besides  some  storage 
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and  infiltration  over  land  this  generally  implies  drainage  by  rivers.  Thus  these  regions 
should  coincide  with  the  drainage  basins  of  large  streams.  On  the  map,  this  is  generally 
true — an  outcome  which  gives  support  to  the  reliability  of  the  method  used. 

Large  centres  of  convergence  are  found  over  the  northwestern  United  States  and  western 
Canada  (Columbia,  Mississippi,  Colorado,  Mackenzie,  Saskatchewan  and  Rio  Grande 
rivers);  over  the  northern  part  of  South  America  (Madalena,  Orinoco  and  Amazon 
rivers);  over  Eastern  Africa  (Nile,  Congo,  Juba  and  Scebeli  rivers);  over  eastern  India, 
Burma  and  Indo-China  (Ganges,  Brahmaputra,  Irrawady,  Salwen,  Yangtse,  Sikiang  and 
Mekong  rivers);  over  Russia  (Volga,  Don,  Dnieper,  Dniester,  Onega,  Duna  and  Obi 
rivers).  As  a  possible  result  of  inadequate  information  from  central  Asia,  no  particularly 


Fid.  18.1 


Distribution  of  the  horizontal  divergence  of  the  vertically  integrated  total  annual  flux  of  water  vapour  for  the 
vrar  i  Q'o  The  units  are  the  equivalent  depth  of  liquid  water  in  centimetres  per  year.  The  iaopleths  (full  lines  for 
divergence  and  dashed  for  ronvergence)  are  entered  for  intervals  of  too  cm.  per  year. 
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marked  convergence  areas  seem  manifesi  <n  ihc  case  of  the  Indus  river.  Some  other  areas  of 
converger*?'"  are  found  over  the  oceans  (northern  part  and  southern  part  of  North  Atlantic 
Bay  ot  Bengal,  Eastern  Pacific).  _ 

'I  he  areas  of  divergence  (i.e.  the  areas  in  which  h  —  ?  is  positive)  are  located  over  the 
sub-tropical  regions,  over  the  ocean  areas  (Gulf  of  Mexico,  central  part  of  North  Atlantic, 
Mid-Pacific)  and  over  a  number  of  deserts  (Northern  Mexico,  Western  Sahara,  Arabia,  Iran, 
Iraq,  Thar  desert,  e.c,).  Another  centre  of  divergence  extends  along  the  eastern  coast  of 
Asia  centred  over  the  Sea  of  Japan. 

When  these  regions  of  divergence  occur  over  ocean  surfaces  there  is  no  problem  concerning 
the  supply  of  water  for  the  net  evaporation.  When  they  occur  over  land,  as  for  example 
over  the  deserts,  the  situation  is  completely  different.  In  such  cases,,  it  must  be  the  surface 
and  underground  flow  from  less  arid  areas  that  supplies  the  necessary  water  that  accounts  for 
the  observed  predominance  of  evaporation. 

The  study  of  the  underground  flow  in  desert  areas  is  an  extensive  and  difficult  subject, 
although  of  increasing  practical  importance  and  of  great  economical  value,  Starr  and 
Peixoto  [to]. 

If  one  computes  the  mean  value  of  the  divergence  by  ten  degrees  latitude  belts,  Peixoto 
[8],  the  values  obtained  compare  very  well  with  the  corresponding  climatological  estimates  of 
"P  secured  by  independent  means,  Starr,  Peixoto,  and  Livadas  fit?]  have  previously 
presented  an  estimate  of  the  divergence  by  ten-degree  latitude  belts,  computed  from  the  map 
of  the  mean  meridional  transport,  Qtj>,  since 

noting  that  the  ((  ))  operator  is  defined  by: 

<()>  =  -  f  (  )  d  * 

2n  J 


The  values  obtained  agree  with  the  values  derived  from  the  actual  map. 

The  zonal  averages  summarize  the  main  global  characteristics  of  the  divergence  field 
of  the  water  vapour  in  the  northern  hemisphere.  The  net  divergence  is  positive  in  the  sub¬ 
tropical  latitudes  between  14“  and  47°  N.  with  a  maximum  about  26°  N.,  and  perhaps  to  the 
north  of  8o°  N.  and  negative  in  the  equatorial  and  middle  latitude  regions.  The  sub-tropical 
region  acts  as  a  source  of  moisture  for  the  atmosphere,  while  the  equatorial  and  the  middle 
latitude  regions  act  primarily  as  sinks.  The  polar  region  probably  acts  as  a  source. 

The  general  pattern  of  the  distribution  of  the  divergence  of  water  vapour  flux,  as  por¬ 
trayed  in  Fig,  18.1,  is  in  large  measure  controlled  by  the  prevailing  atmospheric  circulations, 
as  follows  from  synoptic  experience. 

Some  comments  on  the  hydrology  of  Africa 

The  net  moisture  transport  vector  field  and  the  field  of  horizontal  divergence  of  the 
total  annua!  flux  of  water  vapour  for  the  year  1950*  over  the  northern  part  of  Africa,  as 
drawn  by  Lufkin  [6],  arc  presented  in  Fig.  18.2. 

•The  great  majoriry  of  wind  and  humidity  values  used  in  this  study  were  observed  during  the  year  <950. 
There  are,  however,  some  exceptions  because  for  some  of  the  stations  of  the  basic  network  (Gao,  Lagoa,  Bangui, 
Leopoldville  and  Nauobi)  no  data  were  available  for  that  year.  Instead,  the  observations  taken  during  1954 
were  used.  This  necessity  for  mixing  the  data  from  different  periods  is  somewhat  unfortunate,  but  in  all  probability 
the  overall  characteristics  of  the  results  are  not  affected  seriously  by  the  procedure. 


„  n:  1  c> 
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Fic.  i8.a 

Distribution  of  the  net  moisture  transport  vector  and  of  the  horizontal  divergence  of  the  tout  annual  flux  of 
water  vapour  for  the  year  1 950  over  the  northern  part  of  Africa,  The  isothims  (full  tines  for  divergence  and  dashed 
for  convergence)  are  entered  for  intervals  of  ya  cm.  per  year. 
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The  broad  area  of  divergence  that  covers  the  sub- tropical  region  of  the  Atlantic  Ocean 
splits  into  two  large  rones  in  the  vicinity  of  the  African  Coast.  One  zone  extends  over  the 
Mediterranean  region  and  covers  all  North  Africa  and  Northern  Sahara.  The  other  deflects 
souibwestward  towards  the  Congo  region.  In  the  northern  branch  the  water  vapour  transport 
field  is  predominantly  eastward,  while  in  the  southern  branch  the  transport  is  towards 
the  west. 

The  main  centre  of  divergence  is  located  over  the  French  Sudan  in  the  upper  Niger,  a 
region  of  small  takes  and  swamps,  with  a  considerable  drainage  of  water  from  the  mountains 
of  Guinea  and  highlands  of  Ghana  where  the  precipitation  is  abundant.  However,  it  seems 
that  surface  run-off  does  not  account  for  the  strong  evaporation  that  seems  to  exist  there.  A 
part  of  the  water  evaporated  over  this  divergence  area  is  transported  into  the  Central  Sahara, 
where  it  probably  accounts  for  die  existing  weak  convergence  zone  that  shows  in  F'ig.  1 8.2. 

Along  the  Mauritanean  Coast  much  of  the  water  evaporated  comes  from  the  highlands 
of  Guinea,  through  Senegal  and  Gambia  rivers,  whose  run-off,  however,  appears  to  be 
insufficient  to  maintain  the  high  values  of  the  evaporation  which  are  to  be  observed.  During 
the  summer  the  water  table  of  the  lowlands  of  this  region  becomes  so  low  that  sea  water 
penetrates  deeply  inland,  both  underground  and  along  the  dry  streams,  providing  a  con¬ 
siderable  source  for  evaporation. 

The  other  zone  of  divergence  which  extends  to  the  south  owes  its  existence,  presumably, 
to  the  combined  effect  of  the  evaporation  from  the  Congo  and  Ubangi  rivers  and  of  the 
strong  evapotranspiration  from  the  tropical  forests  which  cover  the  northern  part  of  the 
Congo  territory.  It  is  possible  that,  owing  to  boundary  effects,  the  divergence  values  are 
overestimated  in  this  area. 

A  zone  of  strong  convergence  is  found  over  the  highlands  of  Ethiopia,  which  forms  the 
catchments  area  of  the  Nile  System  and  of  several  smaller  rivers  which  empty  on  the  Somali 
Coast.  This  zone  extends  roughly  to  die  edge  of  the  Saharan  plateau  where  the  values  of 
convergence  are  however  much  smaller. 

Another  zone  of  convergence  which  has  already  been  mentioned  is  located  on  the  Gulf  of 
Guinea  coast.  The  highlands  of  this  region  constitute  the  main  part  of  the  catchment  area  of 
Niger,  Senegal, Gambia,  Lagone  and  Sahari  rivers.  Here  again  boundary  and  smoothing  effects 
tend  to  cause  an  underestimate  of  the  values  of  the  convergence  which  must  be  more  intense. 

Sparsity  of  soundings  on  the  eastern  part  of  Africa  obscure  details  which  would  be  of 
great  hydrological  interest.  The  divergence  field  over  Nubian  and  Sudanese  deserts,  as  well  as 
over  the  Red  Sea,  fails  to  give  a  representation  that  would  agree  with  the  high  values  of  the 
evaporation  that  prevails  on  these  areas.  Thus,  it  seems  that  the  network  of  aerological  stations 
in  this  region  must  be  improved  before  a  more  reliable  representation  of  the  divergence  of 
water  vapour  flux  can  be  achieved. 

It  has  long  been  recognized  that  evaporation  far  exceeds  precipitation  in  most  deserts. 
What  seems  surprising,  however,  is  the  magnitude  of  the  evaporation  from  those  arid 
regions,  as  shown  in  Fig.  18.2.  Desert  areas  generally  contain  evidence  of  evaporation 
processes.  Thus  the  evapontes  formed  by  residues  of  salts  are  very  common  in  Sahara,  Algeria 
and  Tunisia,  where  they  occur  in  the  “chotts”.  These  materials  were  leached  out  from 
ground  substances  during  the  passage  of  water  over  or  through  the  lithosphere  although,  at 
least  in  coastal  regions,  occasional  contribution  from  sea  water  cannot  be  disregarded. 
Special  phenomena,  such  as  the  deposit  on  exposed  rock  surfaces,  known  as  “desert  varnish’’ 
indicate  the  accumulation  of  a  mineral  coating  consisting  mainly  of  iron  components.  This 
“varnish”  is  the  result  of  a  strong  evaporation  followed  by  an  active  oxidation. 

Since  the  deserts  tend  to  have  internal  drainage,  a  considerable  amount  of  water  is  trans¬ 
ported  by  surface  flow  from  surrounding  regions  where  rainfall  is  more  abundant.  The 
existence  of  various  gorges  and  wadis  indicates  the  importance  of  the  run-off  caused  by 
occasional  torrential  streams  into  the  ceatral  parts  of  deserts,  often  below  sea  level. 
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Iri  some  instances  of  the  permanent  rivers  already  mentioned,  a  sizeable  fraction  of  the 
flow  is  evaporated  before  the  remainder  is  drained  into  the  ocean.  The  flow  of  underground 
water  into  deserts  through  aquifers  and  subterranean  rivers  can,  and  usually  does,  take 
place.  That  vast  quantities  of  underground  water  do  exist  in  deserts  is  commonly  recognized 
because  of  the  presence  of  oases  and  of  the  many  wells  which  have  been  constructed.  It  is 
accepted  now  that  the  Nile  and  the  Cunene  (Angola)  rivets,  for  example,  receive  water  from 
those  sources  as  they  cross  the  arid  regions. 

Another  example  of  the  possible  influence  of  the  underground  flow  may  be  found  in  the 
Chad  Basin.  The  rainfall  in  this  internal  basin  is  known  to  be  of  the  same  order  of  magnitude 
as  thr  value  of  the  corresponding  convergence  which  is  obtained  from  Fig.  i8.a.  According 
to  references  given  by  Drouhin  [3],  although  Chad  Lake  receives  water  from  the  Sahari 
and  Lagone  rivers,  its  area  and  its  salinity  remain  constant.  Without  a  sizeable  subterranean 
drainage  the  salinity  due  to  the  combination  of  evaporation  and  the  transport  of  salts  by  the 
fore-mentioned  rivers  ought  to  increase.  Hydrological  observations  taken  near  Fort  Lamy 
indicate  that  there  is  a  flow  towards  north-northeast  in  an  aquifer  which  extends  beneath 
the  lake. 

The  existence  of  similar  underground  flows  has  been  suggested  by  Hellstrom  [5]  jn  a 
study  dealing  with  the  eastern  Sahara  near  the  Nile. 

It  would  be  highly  desirable  to  make  extensive  direct  measurements  of  the  vertical  water 
transfer  near  the  ground  by  standard  methods,  because  much  remains  to  be  verified  concerning 
the  manner  jn  which  large  evaporation  rates  in  these  regions  take  place.  For  this  problem 
special  instrumental  problems  might  have  to  be  considered.  Despite  questions  of  accuracy, 
it  seems  reasonable  that  at  least  the  order  of  magnitude  of  the  vertical  transfer  can  be  obtained. 

If  such  intense  flows  of  underground  water  into  certain  deserts  do  take  place,  as  seems 
to  be  the  case,  they  can  be  considered  of  some  potential  economical  significance. 
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DISCUSSION 

v.  u.  au  :  With  reference  to  Dr.  Pcixoto’s  statements  about  the  existence  of  underground  water  in  some 
places  in  the  desert,  I  have  the  pleasure  to  refer  to  the  important  investigations  and  studies  which  have 
been  carried  out  during  the  last  four  years  by  the  Egyptian  Region  of  the  United  Arab  Republic, 
about  the  subsoil  water  and  suitability  of  the  land  of  the  oases  for  agriculture. 

The  first  results  of  these  investigations  prove  that  large  amounts  of  water  exist  underground,  not  only 
in  the  areas  occupied  by  these  oases,  but  also  in  many  desert  areas  which  separate  the  oases.  Further* 
more,  a  good  deal  of  the  areas  around  and  between  the  oases  have  a  fertile  soil  which  can  be  cultivated 
with  important  crops  with  the  least  possible  effort. 

Therefore  arrangements  are  being  made  to  dig  a  large  number  of  wells  and  prepare  the  soil  so 
that  a  new  valley  connecting  these  oases  will  be  established  in  the  least  possible  time  and  consequently 
a  new  source  of  wealth  will  be  added  to  the  economy  of  the  country. 

These  investigations  indicate  also  the  existence  of  an  underground  flow  passing  by  the  oases,  which 
in  expected  to  be  connected  with  the  Nile  River  at  unknown  places. 

I.,  j.  tison  :  Dr.  Pcixoto's  lecture  is  all  the  more  interesting  to  me,  firstly  because  of  its  content,  and 
secondly  for  the  fact  that  it  clearly  establishes  the  necessity  for  very  close  co-operation  between  meteoro¬ 
logists  and  hydrologists. 

Moreover,  this  document  showi  the  impossibility  of  dissecting  hydrology  into  several  separate 
parts  for  which  different  organisations  should  be  responsible.  I  believe  that  the  hydrological  considera¬ 
tions  given  in  the  lecture  must  be  retained  but  we  might  ask  ourselves,  however,  whether  certain  of  the 
displacements  described  might  not  be  of  considerable  importance. 

I  have  in  mind  notably  that  which  concerns  a  “negative”  flow  of  the  Niger  in  the  lesser  portion 
of  its  course  (that  is,  a  flow  directed  from  the  ocean  towards  the  interior).  The  penetration  of  salt 
water  from  the  sea  into  an  estuary  is  not,  in  fact,  proof  of  an  entirely  “negative”  flow.  This  penetration 
can  be  due  solely  to  the  tide,  and  I  am  of  the  opinion  that  the  penetration  to  which  Dr.  Peixoto  refers 
should  be  subjected  to  verification,  by  reference,  for  example,  to  M.  Jean  Rodier,  Director  of  Hydro¬ 
logic..!  Services,  ORSTOM. 

M.  flown:  In  the  general  line  of  approach,  I  agree  in  nearly  all  details  with  Dr.  Peixoto,  and  we  should 
greatly  appreciate  the  vast  amount  of  work  which  has  been  done  in  this  project.  However,  in  the  obser¬ 
vational  approach,  we  should  take  great  care  to  avoid  all  possible  sources  of  error.  At  first  the  large 
systematic  differences  in  the  radiosonde  humidity  data,  secondly  the  linear  interpretation  between 
two  stations,  which  appears  to  be  dubious,  since  the  humidity  data  of  the  radiosonde  are  frequently 
only  representative  of  small  or  meso-scale  weather  problems.  According  to  German  investigations 
(Mflller,  Oeckel)  the  net  divergence  of  water  vapour  transport,  at  least  for  individual  months,  is  in¬ 
consistent  with  P-£  from  other  sources  of  data.  It  seems  moat  likely  that  the  results  of  Figs.  i8.t  and  a, 
insofar  as  they  do  not  coincide  with  other  considerations  on  the  hydrological  cycle,  are  strongly  in¬ 
fluenced  by  the  above-mentioned  sources  of  error,  and  by  the  lack  of  radiosonde  data  in  low  latitudes 
as  early  as  1950.  In  addition  to  the  annual  data,  the  seasonal  changes  of  water  vapour  transported 
should  be  given. 

h.  t.  north:  A  question  to  Dr.  Peixoto  is  whether  he  introduced  an  approximation  when  describing 
the  vector  field  of  Q  in  the  (A  </>  p  t)  system,  as  he  only  used  principles  based  on  an  inertial  system.  ? 

j.  p.  peixoto  (in  reply) :  1  thank  Dr.  Ali  for  his  most  interesting  information  on  observations  and 
studies  of  underground  water  occurrence  and  flow  carried  out  in  the  desert  regions  of  Egypt. 

The  remark  brought  out  by  Professor  Tison  seems  to  be  very  pertinent  and  I  will  try  to  get  a 
verification  of  the  statement  following  the  suggestion  kindly  given. 

I  quite  agree  with  Professor  Flohn's  comments,  both  on  the  large  systematic  differences  in  the 
humidity  data  and  on  the  use  of  the  linear  interpolation  used  in  the  present  study.  Insofar  as  the  dis¬ 
crepancies  between  the  net  divergence  and  the  monthly  mean  values  of  P-E  found  by  the  invest 
mentioned  by  Professor  Flohn,  I  think  that  in  the  evaluation  of  the  total  water  vapour  transport  nnsy 
some  of  the  terms  given  by  the  expansion  (13)  were  taken  into  consideration.  Th«  mean  ic**onal 
fields  have  also  been  studied  and  some  of  the  results  have  already  been  published  {Goofisica  Pura  * 
Apluata,  39,  174-185,  Revista  FacuUade  de  Ciencias  d*  Lisboa — 2a  Serie— B.  Vu!.  Vi  I,  Scientific  Report  No.  y, 
General  CircuLtlion  Prcje:it  MIT). 
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Wc  arc  aware  of  rite  uncertainties  of  some  of  the  results  in  low  latitudes,  as  Professor  Fichu  points 
out.  ]  am  glad  to  inform  him  that  a  new  study,  using  all  the  data  available  for  the  l.G.Y.  is  already 
being  done  by  the  Planetary  Circulation  Project  at  MIT.  It  is  hoped  that  both  the  improvements  of 
the  quality  of  the  observations  and  the  substantial  increase  of  the  number  of  stations  to  be  used  (i.e., 
approximately  three  times  the  number  actually  used)  will  be  of  inestimable  value  in  the  coming 
investigations. 

With  regard  to  the  question  raised  by  Or.  Morth,  the  only  approximation  used  in  evaluating  the 
vector  field  Q  has  been  the  assumption  of  hydrostatic  equilibrium  of  the  atmosphere.  The  balance 
equation,  which  is  the  basic  equation  used,  holds,  of  course,  for  any  kind  of  differential. 


-523- 


Nicht  im  Handel 


Soaderdnick  aus 

Archiv  fiirMeteorologie,  Geophysik  und  Biokllmatologie 

Serie  A:  Mcteorologie  und  Geophysik,  Band  14,  2.  Heft,  1864 


Her*u*eet»bea  von 

Do*.  Dr.  W. Morikofer.  Davos,  und  Prof.  Dr.  F.  Steinhauaar,  Wien 

Springer- Veriag  in  Wien 


651.613:651.57 

(Massachusetts  Institute  of  Technology,  Cambridge,  Mass.,  USA, 
and  the  University  of  Lisbon,  Portugal) 


The  Hemispheric  Eddy  Flux  of  Water  Vapor  and  Its 
Implications  for  the  Mechanics  of  the  General  Circulation1 

By 

Vietor  P.  Starr  and  Jos6  P.  Peixoto 

With  8  Figures 


Summary.  A  study  of  the  vertically  integrated  eddy  flux  of  water  vapor 
in  the  northern  hemisphere  for  summer,  winter  and  the  entire  year  of  I860  is 
presented.  Tables  and  graphs  of  zonally  averaged  numerical  values  ex¬ 
tracted  from  maps  of  the  analyses  of  the  zonal  eddy  and  meridional  eddy 
components  for  the  hemisphere  are  reproduced  and  discussed  in  the  light 
of  various  meteorological  considerations.  It  is  found  that  the  southward 
transport  of  water  vapor  by  tho  Hat>U:y  type  meridional  circulation  in  the 
tropics  does  not  imply  a  comparable  importance  of  this  cell  for  hemispheric 
momentum  and  zonal  kinetic  energy  considerations  as  is  assumed  in  classical 
general  circulation  theories. 

ZusammenfaMung  Es  wird  eine  Untersuchung  iiber  die  vertikale, 
integrierte  Stfirungsbewegung  von  Wasserdampf  in  der  nordlichon  Halb- 
kugel  fur  den  Sommer,  fur  den  Winter  und  fur  das  ganze  Jahr  1860  vorgolegt. 
Tabellen  und  graphische  Darstellungen  zonaler  Durehsehnittazahlenwerte, 
die  aus  analysierten  Karten  abgeleitet  wurden,  werden  im  Hinblick  auf 
verse  hi  edene  meteorologiache  Beziehungen  diskutiert.  Es  wurde  festgeetellt, 
dafl  der  nach  Siiden  gerichtete  Transport  von  Wasserdampf  durch  eine 
meridional©  Zirkulation  in  der  HADLEYschen  Art  in  den  Tropen  dieser  Zelle 
keine  besondere  Bedeutung  fiir  die  Betrachtungen  der  hemispharischen 
Bewegung  und  der  zonalen  kinetiachen  Energie  verechafft,  wie  im  allgemeinen 
in  der  kiassiachen  Zirkulationstheorie  angenommen  wird 

1  The  research  reported  in  this  paper  has  been  made  possible  through  the 
support  of  the  U-  S.  Air  Force  Cambridge  Research  Laboratories  under 
contract  AF  19  (628) — 2408, 
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B&msiC.  On  preeento  une  dtude  du  transport,  pert  or  be  de  la  vapeur  d’eau 
integr^  vwrtksalfflment  dans  i‘h4*ciispfa&fe  rtord  pour  1'hivor  et  Vs.nxi.4te 

1950  entiero.  Lea  tableaux  et  diogrammee  dee  valours  numeriquea  aaoyennes 
/.onalos,  extraita  des  cartes  d’analysea  das  transporta  zonal  et  meridional 
pcriurbi5s  pour  I'h&niaphdro,  sent  reproduita  et  dkcutds  k  la  iumierc  dau 
diverse*  considerations  mAMiorotogiqufw.  On  a  trouve  quo  le  transport  da 
la  vapour  d'eau  effect  uo  par  la  circulation  meridional es  du  type  Haul by  dans 
lea  regions  tropicalee  n’implique  pas  une  importance  comparable  k  cede  de 
la  memo  cellule  quand  on  conaidtirc  la  quantite  du  mouvement  et  de  1’energie 
cindtique  zortale  cornroe  U  cat  asaumd  dans  lea  theories  clasaiquee  de  la  circu¬ 
lation  gdndralt;. 

1.  Introduction 

In  previous  papers  (Stake  and  Peixoto  [I/],  Stake,  Peixoto  and 
Livadas  [13],  Stake  and  Peixoto  [12])  the  writers  presented  and  dis¬ 
cussed  the  results  of  the  meridional  and  the  zonal  components  of  the 
mean  total  water  vapor  transport  field  for  the  northern  hemisphere, 
during  the  year  i960.  In  the  present  paper  the  study  of  the  eddy  transport 
field  of  water  vapor  is  presented  using  again  the  same  basic  data  for  the 
year  1950.  The  analyses  given  now  should  be  viewed  as  complementary 
to  the  studies  mentioned  and  particularly  to  the  monograph  prepared 
by  Peixoto  [if]  in  which  the  gross  aspects  of  the  yearly  and  seasonal 
mean  water  vapor  distribution  and  transport  fields  are  discussed. 

In  the  present  paper  use  is  made  of  s-juiscalar  analysis  to  give  the 
space  distribution  of  the  mean  zonal  a  .  meridional  eddy  flux  com¬ 
ponents  of  water  vapor  over  the  northern  hemisphere  and  to  deduce 
from  the  analysis  the  corresponding  zonal  averages.  This  approach 
differs  therefore  from  the  procedure  used  previously  by  Stake  and 
White  [15, 16]  in  which  the  individual  values  at  various  stations  distributed 
in  the  neighborhood  of  given  latitude  circles  were  combined  to  estimate 
the  mean  zonal  values  of  the  meridional  eddy  transport.  The  chief  final 
aim  of  this  paper  is  to  throw  additional  light  by  such  means  upon  the 
mechanics  of  the  general  circulation.  Some  aspects  of  the  mean  meridional 
standing  eddy  transport  of  water  vapor  have  been  treated  previously 
and  published  elsewhere  (Peixoto  and  Sai.tzman  [5],  Peixoto  [4,  5,  7]). 

2.  Formulation  ol  the  Problem 

To  a  very  high  degree  of  accuracy  the  atmosphere  may  be  considered 
in  a  state  of  hydrostatic  equilibrium  so  the  pressure  p  is  taken  as  the 
vertical  coordinate.  Thus,  a  (X.  9,  p,  t)  reference  system  is  used  in  which 
X  denotes  the  longitude,  9  the  latitude,  and  t  time.  At  a  given  isobaric 
level  the  horizontal  transport  field  of  water  vapor  per  unit  pressure 
difference  is  represented  by 

F(K<p,P;t)  =  ±Vq  (1) 

where  g  is  the  acceleration  of  gravity,  q  is  the  specific  humidity  and 
V  —  u  %i  +  vjf  is  the  horizontal  wind  field  with  eastward  and  north  - 
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ward  components  u  and  e.  Let  us  define  the  bar  operator  as  a  time 
average  for  the  time  interval  -r,  so  that 

t 

=  (2) 

0 

It  follows  that  the  time  average  transport  field  of  the  water  vapor  in 
the  (X,  $,  p,  t)  coordinate  system  can  be  written  F  ~  Fy  i\  +  Fv  j?  where 

(3) 

a ud 

~\qv  (4> 


The  total  horizontal  mean  flux  of  water  vapor  above  a  point  on  the  earth’s 
surface  for  the  time  interval  t,  defines  a  two-dimensional  vector  field 

iQ)  given  by  ^ 

($)— |  f  (hdp  -  Qkik  +  Q9j9  (5) 

0 

where  Pa  denotes  the  mean  value  of  the  surface  atmospheric  pressure, 
and  Qx  and  Q9  are  the  corresponding  zonal  and  meridional  components. 
The  quantities  git  and  q  v  may  be  expanded  according  to  the  Reynolds 
scheme  as  discussed  for  example  by  Staeb  and  White  [Mj. 

qu  —  q  w  -f  ?'  tt'  (6) 

qv  —  q  v  -f  q’  v’  (7) 


where  the  primes  denote  the  local  instantaneous  deviations  from  time 
averages.  The  term  q"  u'  and  q  v'  are  the  covariances  of  the  instantaneous 
local  values  and  are  proportional  to  the  local  zonal  and  meridional  mean 
eddy  transports  of  moisture  associated  with  the  transient  horizontal 
eddies. 

If  we  define  the  total  local  eddy  transport  field  by 


where 


j»o  *o 


(8) 

(9) 

(10) 


8* 
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we  can  write  for  the  total  transport 

*0 

<<?)=!  j  +  $*?*}  dp  -4-  (O')  <ii) 

0 

Taking  the  zonal  averages  of  the  expressions  (6)  and  (7),  the  following 
expansions  are  obtained 

~  raw +  [«•»•] +  [im  <12> 

If*)  -  [q]  [5]  +  [q*v*]  +  [q'v’]  (13) 

the  brackets  denoting  the  zonal  average  operator  defined  by 

[(  >d*  <14> 

and  the  asterisks  the  deviations  of  the  local  mean  values  q,  u  and  v  from 
the  zonally  averaged  values  [q],  [u]  and  [vj.  The  terms  and  [q*v*] 

are  the  spatial  covariances  of  the  time  mean  values  q,  it  and  q,  v  at  in¬ 
dividual  points  along  the  latitude  circle  and  measure  the  transport 
associated  with  the  standing  large  scale  horizontal  eddies  (Starr  and 
Whits,  loc.  cit.). 

The  terms  [5]  [it]  and  [<j>]  [e]  measure  the  advection  of  the  mean 
zonal  specific  humidity  by  the  zonally  averaged  mean  wind  field.  The 
second  of  these  measures  the  contribution  of  the  mean  meridional 
circulation. 

The  zonal  and  meridional  components  oi  the  vertically  integrated 
eddy  transport  associated  with  the  standing  eddies  are  given  by  the 
expressions 

po 

^j'lg*u*]dp  (15) 

o 

PO 

"  J  Iff***]  dp  (16) 

0 

Thus  we  may  write  for  the  components  of  the  total  water  vapor  transport 
no  po 

t&3  -  -g  J  M  M  dp  +  l-  J  [q*  «*]  dp  +  [Q’d  (17) 

0  0 
PO  PO 

m  « 1  f  M  W  dp  +  l  J  f «*  *•]  dp  +  [Q\]  ( 18) 

0  0 
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3.  Data  and  Procedures 

As  in  the  previous  studies  mentioned,  the  present  study  is  again 
based  entirely  upon  direct  measurements  of  moisture  and  -winds  ob¬ 
served  at  different  levels;  no  use  was  made  of  the  geostrophic  approxi¬ 
mation. 

The  evaluation  of  the  various  quantities  involved  the  tabulation 
of  daily  (0300  Z)  values  of  moisture  and  zonal  and  meridional  components 


Fig.  1  a.  Time  average  of  the  vertically  integrated  meridional  eddy  transport  of 
water  vapor  Q in  102  g.-arns  per  centimeter  per  second,  lot  the  year  1950. 
S  denotes  transport  from  the  south 


of  the  wind  field  for  each  of  the  stations  of  the  basic  network  at  1000, 
860,  700,  and  500  mb.  The  advantages  and  the  limitations  of  the  approach 
adopted  in  studies  of  this  nature  have  been  discussed  previously  by  the 
authors. 

In  computing  the  average  over  the  time  interval  x  the  following 
expressions  were  used : 
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x'y' —  xy-~  xy  <20) 


where  x  and  y  denote  any  variable  q.  u,  v,  and  N  is  the  number  of  ob¬ 
servations  for  each  station  at  each  level  in  the  time  interval  t. 


Fig.  lb.  Time  average  of  the  vertically  integrated  meridional  eddy  transport  of 
water  vapor  Q'f  in  102  grams  per  centimeter  per  second,  for  the  summer  1950 


The  vertically  integrated  expressions  (9),  (10),  (15)  and  (16)  were 
computed  by  applying  the  trapezoidal  rule  to  the  values  at  the  isobaric 
level  studied.  The  time  means  were  computed  for  the  calendar  year  1950, 
for  the  summer  season  (AprU-September)  and  for  the  composite  winter 
season.  The  local  values  of  F'9.  F\  and  of  Q\  and  Q\  were  plotted 
on  hemispheric  maps,  together  with  the  number  of  observations  in  order 
to  allow  a  direct  estimate  of  the  reliability  of  each  quantity.  The  spacial 
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distribution  of  the  different  quantities  was  obtained  using  the  standard 
methods  of  isolina  analysis.  Here  only  tho  Q’v  and  Q\  maps  are  presented 
{Fige.  1  a,  1  b  and  1  c;  Figs.  2  a,  2  b  and  2  o). 

Zon&Ily  averaged  values  of  Q'f,  Q\,  F\  and  F\  are  given  as  follows: 

*  36 

<2" 

a  *»  l 


Fig.  lc.  Time  average  of  the  vertically  integrated  meridional  eddy  transport  of 
water  vapor  in  102  grams  per  centimeter  per  second,  for  the  winter  1960 


=  2“  $  C'x  (<p.  X)  ^  *  gg  2  ^  (22) 

a  «*  1 

1C  i  86 

IF,\  =  o~-  9  F'*  (?.  *-  P)  *  36  Y,  F;  {23) 

a«l 
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4  r  |  36 

{F'x]*  ~  2rc T  ^  *•*>  ^  *  3g  51  *"?  (24) 


Fig.  2a.  Time  average  of  the  vertically  integrated  tonal  eddy  transport  of  water 
vapor  Q\  in  102  grains  per  centimeter  per  second,  for  the  year  1960.  W  denotea 

transport  from  the  west 


Table  1.  Zonally  Averaged  Values  of  the  Mean  Total  Meridional  Transient 
Eddy  Transport  of  Water  Vapor  [Q\]  in  Unite  of  i0u  Grams  per  Second  for 
Yearly  and  Stasonal  Data  at  Specified  Latitudes 


Latitude  70°  00°  50°  *6°  40°  80“  20'  10°  0° 


Winter 

Summer 

Year 


+  0.47 
+  0.77 
+  0.88 


4-  1.41 
+  2.36 
+  2.17 


+  3.73 
+  3.77 
f  4.68 


4-  3,80 
4-  3.29 
4-  4.09 


4-  3.33 
4-  2.03 
+  2.90 


+  2.39 
4-  1.92 
4-  2.68 


4-  0.22 
—  0.28 
—  0.1 1 


4-  3.37 
4-  3.96 
+  4.30 


4-  2,04 
+  1.34 
+  1.44 
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Table  2.  Zonally  Averaged  Valve*  of  the  Mean  Total  Meridional  Standing 

Po 

1  C 

Eddy  Transport  of  Water  Vapor  -j  (g*  v*]  dp  in  Units  of  Jl)ti  Grants  per 

o 

Second  for  Yearly  and  Seasonal  Data  at  Specified  Latitudes 
Latitude  ?0*  <50°  SO*  45*  40*  30*  20'  10*  0* 


Winter  +  0.09  +  0.50  +  0.70  +  0.64  +  0.40  4-  0.77  +  1.29  +  0.32  4  0.03 

Summer  +  0.07  +0.02  +  0.10  +0.08  +0.20  +2.18  +2.88  +0.29  +0.02 

Year  +  0.07  +  0.33  +  0.20  +  0.16  +  0.30  +  1.02  +  1.82  +  0.24  +  0.00 


Table  3.  Zonally  Averaged  Values  of  the  Mean  Total  Meridional  Eddy  Transport 
*o 


of  Water  Vapor  [Q 


]  dp  in  Units  of  1011  Grams  per  Second 


for  Yearly  and  Seasonal  Data  at  Specified  Latitudes 


Latitude  70*  <50*  60*  45"  40*  30*  20*  10"  0* 


Winter  +  0.56  +  1.91  +  4.07  +  4.37  +  4.20  +  4.10  +  3.68  +  2.36  +  0.25 

Summer  +  0.84  +  2.36  +  4.03  +  3.84  +  3.49  +  4.21  +  4.80  +  1.66  —0.26 

Year  +  0.75  +  2.50  +  4.06  +  4.84  +  4.39  +  3.92  +  4.40  +  1.60  —0.11 

Table  4.  Zonally  Averaged  Values  of  the  Vertically  Integrated  Mean  Zonal 

Transient  Eddy  Transport  of  Water  Vapor  [Q\]  in  Units  of  102  Grams  per 
Centimeter  per  Second  for  Yearly  and  Seasonal  Data  at  Specified  Latitudes 

Latitude  70  *  00  *  50  *  45  °  40  *  30  *  20“  10*  0” 


Winter  +0.10  +0.31  -f  0.25  +0.01  —0.16  —0.09  +0.18  +0.52  +0.69 

Summer  —0,11  +0.05  +  0.12  +0.13  +0.01  —0.12  +0.09  +0.13  —0.06 

Year  0.01  +  0.01  —0.01  —0.26  —  0.56  —  0.52  +  0.28  +  0.96  +  0.99 


These  were  evaluated  numerically  by  using  the  data  read  off  from  the 
corresponding  maps  at  every  10-degrec  gridpoint  of  latitude  and  longi¬ 
tude.  The  numerical  estimates  of  the  meridional  distribution  are  pre¬ 
sented  in  Tables  1,  4,  6  and  8,  and  the  corresponding  curves  are  shown 
in  Figs.  3  and  6. 

Table  5.  Zonally  Averaged  Values  of  the  Vertically  Integrated  Mean  Zonal 

Po 

Standing  Eddy  Transport  of  Water  Vapor  ^  J  [ij*  u*]  dp  in  Units  of  10 2  Grams 

0 

per  Centimeter  per  Second  for  Yearly  and  Seasonal  Data  at  Specified  Latitudes 
Latitude  70  *  90  *  60  “  46"  40°  30“  20“  10“ 


Winter  +  0.01  +  0.13 

Summer  +0.04  +  0.20 

Year  +  0.07  +  0.09 


0.13  — 

—  0.1 1 

0.31  — 

+  0.07 

0.06  - 

—  0.08 

—  0.45  —0.16 

+  0.26  +  0.10 

+  0.21  +  0.19 
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Table  6.  Zonaily  Averaged  Values  of  the  Mean  Meridional  Transient  Eddy 
Transport  of  Water  Vapor  /  F'^j  in  Units  of  Oram  Meter  per  Kilogram  per 
Second  for  Yearly  Data  at  Specified  Latitudes.  The  Levels  are  Given  in  Millibars 


.Latitude 

70* 

80“ 

50“ 

ts' 

40  4 

30' 

£0* 

10  * 

0“ 

1000  mb 

4  0.2 

+  1.6 

4  3.0 

4  3,6 

4  3.9 

4-  3.5 

-!  2.7 

4-  1.3 

4-  0.2 

850 

4-  1.3 

4  2.7 

4  3.9 

4  4.1 

4  3.5 

4  2.2 

4  1.6 

4  0.8 

—  0.3 

700 

-i-  0.9 

i-  2.0 

4  2.9 

4  3.1 

4  2.7 

4-  1.5 

4  0.8 

4  0.6 

+  0.3 

500 

4  0.3 

4  0.6 

4  0.9 

4  1-0 

4  0.9 

-f  0.7 

4  0.6 

4  0.2 

0.4 

Fig.  2  b.  '.  iruc  average  of  the  vertically  integrated  zonal  eddy  transport  of  water 
vapor  Q\  in  10a  grams  per  centimeter  per  second,  for  the  summer  1950 


Table  7.  Zonaily  Averaged-  Values  of  the  Mean  Meridional  Standing  Eddy 
Transport  of  Water  Vapor  [ q *  v* ]  in  Units  of  Gram  Meter  per  Kilogram  per 
Second  for  Yearly  Data  at  Specified  Latitudes.  The.  Levels  are  Given  in  Millibars 


Latitude 

70° 

(50° 

50° 

mu 

40* 

30" 

20° 

10" 

0* 

i  ouii  mb 

4  0.3 

4  0.7 

0.5 

!•  0.2 

4  0.4 

4  0.8 

4  1.1 

4  0.4 

4  0.4 

850 

4  0.2 

4  0.3 

-  0.3 

4  0.3 

4  0.6 

4  1.0 

4  1.6 

4  0.5 

4  0.2 

700 

-*  0.0 

4  0.4 

4  0.3 

4  0.1 

4'  0.2 

4  0.4 

4  0.8 

4  0.5 

4  0.0 

500 

-  0.1 

4  0.0 

•j  0.0 

4  0.0 

4  0.1 

4  0.2 

4  0.4 

4  0.2 

i-  0.0 
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Table  S.  Zonally  Averaged  Value#  oj  the  M eon  Zonal  Transient  Eddy  Trane-ftort 
of  Water  Vapor  [ F\)  in  Unite  of  Oram  Meter  per  Kilogram  per  Second  for  Yearly 
Data  at  Specified  Latitudes.  The  Levels  are  Given  in  Millibar '« 


Latitude 

66" 

6S9 

46  0 

S*“ 

25* 

J6* 

5“ 

1000  mb 

—  0.3 

—  0.0 

—  0.5 

—  0.3 

4-  1.0 

4  1.6 

-j-  0.7 

850 

-j-  0.4 

4-  0.5 

—  0.7 

—  0.9 

-r  0.3 

4-  1.6 

4  1.2 

700 

4-  0.0 

4-  0.0 

—  0.7 

—  1.8 

—  1.0 

4  0.9 

4  2.2 

500 

+  0.7 

+  0.6 

—  0.4 

—  1.2 

--  1.4 

—  0.6 

-4  0.2 

Fig.  2c.  Time  average  of  the-  vertically  illustrated  zonal  eddy  transport  of  water 
vapor  Q\  in  102  grams  per  cenUmete-  per  second,  for  the  winter  1950 


Table  9.  Zonally  Averaged  Value’!  of  the  Mean  Zonal  Standing  Eddy  Transport 
of  Water  Vapor  fq*u*j  in  Unite  of  Gram  Aleter  per  Kilogram  per  Second 
fter  Yearly  Data  at  Specified  Latitudes,  The  Levels  are  Given  in  Millibars 


Latitude 

70° 

ao 

4,6® 

30® 

20° 

10° 

1000  mb 

4  0.2 

4  0.2 

4  0.1 

-  0.4 

r  0.8 

4  0.4 

850 

4  0.2 

■4  0.2 

4  0.2 

-  44 

H  0.8 

4  0.4 

700 

-4  0.2 

-  0.2 

—  0.4 

-r  0.0 

0.2 

4  0.5 

500 

-  0.0 

4  0.1 

O.i 

4  0.4 

0.0 

4  0.2 
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Fig.  3.  The  meridional  distribution,  of  the  meridional  -water  vapor  flux  in  the 
atmosphere  associated  with  transient  eddies,  computed  from  atmospheric  data. 
The  units  are  lOUgmseo"1 


10"  ran,  t«C~! 


Fig.  4.  The  meridional  distribution  of  the  meridional  water  vapor  flux  in  the 
atmosphere  associated  with  standing  eddies,  computed  from  atmospheric  data. 
The  units  are  10u  gin  Beo't 


to"  ftrtjm  we"* 


Fig.  5.  The  meridional  distribution  of  the  total  meridional  eddy  flux  of  water 
vapor  in  the  atmosphere.  The  unite  are  1011gmsec'!.  The  dote  represent 
the  estimates  of  the  total  meridional  eddy  flux  across  sne.dfic  latitude  circles 
obtained  by  Starr  and  White  [/. 5,  /6) 
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Table  10.  Zonally  .4  mragtd  Volta:#  oj  Mean  Meridional  Transport  oj  Water 
Vapor  /  'Pv  j  in  Units  of  Gram  Meter  per  Kilogram  per  Second  for  Yearly  Data 
at  Specified  Latitudes.  The  Lends  are  Given  in  Millibars 


70* 

45* 

40° 

20* 

20* 

10“ 

0° 

1000  mb 

+  1.0 

+  3.0 

+  6.0 

+  6.9 

4-  5.4 

—  1.6 

—  12.7 

—  6.4 

+  1.0 

850 

—  0.4 

+  2.6 

+  6.4 

4-  8. 5 

4-  6.3 

+  0.7 

-2.9 

—  1.2 

+  0.4 

700 

+  0.4 

4-  2.6 

+  4.8 

+  4.8 

+  4.4 

+  2.0 

+  0.3 

-2.4 

—  0.8 

500 

—  0.1 

+  0.7 

■+■  1.1 

+  1.0 

+  0.9 

+  0.9 

+  0.6 

—  0.1 

—  0.5 

Table  11.  Zonally  Averaged  Values  of  Mean  Zonal  Transport  of  Water  Vapor 
l  FxJ  <«•  Units  of  Gram  Meter  per  Kilogram  per  Second  for  Yearly  Data  at 
Specified  Latitudes.  The  Levels  are  Given  in  Millibars 


Latitude 

65* 

45* 

35° 

25° 

15° 

5° 

1000  mb 

+  0.9 

+  7.9 

+  8.5 

—  0.4 

—  14.1 

—  37.4 

—  41.0 

850 

+  4.9 

+  13.7 

+  20.4 

+  13.8 

—  0.4 

—  21.1 

—  33.4 

700 

+  4.0 

4  10.8 

4-  18.3 

+  15.5 

+  7.1 

—  9.5 

—  23.9 

600 

+  1.7 

+  5.1 

-f-  8,6 

+  9.1 

+  6.1 

—  2.3 

— ■  7.6 

Table  12.  Zonally  Averaged  Values  of  the  Total  Water  Vapor  Transport  Across 
Latitude  Circles  [Q9]  for  the  Northern  Hemisphere  in  Units  oj  10 11  Grams 
per  Second.  The  Lower  Number  Give  the  Component  of  the  Total  Hue  to  Mean 

Meridional  Cells 


Latituda  S0°  70°  80°  50°  45°  40"  30°  £0°  10°  0° 


Winter  -0.10  +  0.64  +  2.24  +  4.48  +  6.04  +  5.36  +  3.81  —3.68  —14.36  —  9.32 

+  0.08  +  0.33  +  0.41  +  0.67  +  1.16  —  0.29  —  7.36  16.72  —  9.57 

Summer  —0.12  +0.48  +  2.44  +6.80  +  6.92  +  5.64  +  2,11  —1.84  +  1.92  +  9.08 

—  0.36  +  0.08  +  2.77  +3.08  +  2.15  —2.10  —6.64  +  0.27  +  9.34 

Year  —0.11  +  0.64  +2.36  +  5.32  +  5.80  +  5.46  +  2.91  -  2.70  -  6.16  +  0.00 

-  0.21  —0.14  +  1.26  +  0.96  +  1.07  -  1.01  7.10  —7.76  +  0.11 

Using  the  gridpoint  values  of  q  (Peixoto  [</])  and  of  u  and  v  (Booh 
[2])  for  each  latitude  circle,  the  zonally  averaged  mean  meridional  and 
zonal  transports  of  water  vapor  due  to  standing  eddies  were  com¬ 
puted  using  the  expression: 


and  a  similar  expression  for  the  mean  zonal  standing  eddy  transport. 

The  results  obtained,  as  well  as  the  total  vertically  integrated  values, 
are  presented  in  Tables  2,  6,  7  and  9  and  in  Figs.  4  and  7.  The  values 
of  the  mean  zonal  total  meridional  eddy  flux  of  water  'vapor  are  shown 
in  Table  3  and  in  Fig.  5  in  units  of  10n  grams  per  second  for  winter. 
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pq 


summer  and  for  the  whole  year. 


The  values  of  -  f  f q*  i*]  dp 
QJ 


in  units 


o 

of  10”  grams  per  centimeter  per  second  for  yearly  and  seasonal  data  are 
presented  in  Table  5  end  in  Fig.  7. 


OATITUDe 


?  .1 
10  gm  cm  «tc 


r  ig.  6 


LAtfTijOe 


Fig.  7 


Fig.  6.  The  meridional  distribution  of  the  mean  zonal  flux  of  water  vapoi 
associated  with  transient  eddies,  computed  from  atmospheric  data.  The  units 
are  10®  gm  cm-1  sec-1  and  positive  values  indicate  eastward  flux 
Fig.  7.  The  meridional  distribution  of  the  mean  zonal  flux  of  water  vapor 
associated  with  standing  eddies.  The  units  are  10®  gm  cm”1  see”1  and  positive 
values  indicate  eastward  flux 


Tables  10  and  11  giving  the  zonally  averaged  values  of  the  mean 
meridional  and  zonal  components  of  the  transport  field  of  water  vapor 
at  different  levels,  [F9]  and  [  FJ  are  also  included  in  the  present  paper, 
because  they  have  not  been  published  before,  and  will  be  needed  in  the 
present  discussion. 
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4.  Results 

An  inspection  of  Figs.  1  a,  1  b  and  1  c  and  Figs.  2  a,  2  b  and  2  e 
shows  immediately  the  lack  of  zonal  symmetry  of  the  distribution  of 
the  total  mean  eddy  transport'  field  of  water  vapor. 

As  waa  previously  mentioned  the  and  Q’9  fields  account  only 
for  the  meridional  transport  accomplished  by  the  transient  eddies.  The 
meridional  eddy  flux  is  predominently  positive  (from  South)  over  the 
northern  hemisphere.  There  are  nevertheless  isolated  centers  of  negative 
eddy  flux  (from  North),  but  the  influence  of  physiographic  factors  ia 
very  clear  (Mediterranean  Sea,  Black  Sea,  Caspean  Sea,  etc.}.  The  most 
prominent  feature  in  the  hemispheric  analysis  of  the  maps  ia  the  existence 
of  a  belt  of  maxima  located  in  middle  latitudes.  These  maxima  are 
clearly  associated  with  the  mean  position  of  the  polar  front,  as  is  to  be 
expected  in  view  of  the  role  of  the  baroclinic  perturbations  in  the  eddy 
meridional  transport  processes.  There  are  other  maxima  over  the  inter- 
tropical  region  which  are  associated  with  the  perturbations  in  the  inter- 
tropical  convergence  zone,  and  which  are  in  general  more  intense  during 
the  summer.  It  is  interesting  to  note  the  good  agreement  of  the  present 
analysis  with  the  corresponding  analysis  for  the  North  American  sector 
obtained  by  Benton  and  Estoque  [2],  for  the  calendar  year  1949. 

The  zonally  averaged  values  of  Q\  presented  in  Table  1  and  Fig.  3, 
summarize  the  main  characteristics  of  the  mean  meridional  eddy  flux. 
The  values  are  predominantly  positive  iu  all  cases,  and  the  maximum 
shifts  northward  during  the  summer.  The  yearly  maximum  which  oc¬ 
curs  near  latitude  47.5°  exceeds  the  winter  and  the  summer  maxima, 
as  waa  to  be  expected  because  the  total  covariance  of  the  yearly  values, 
assuming  that  the  summer  and  winter  populations  are  equal,  is  given  by 

q'V‘v  =  \  {?Vw  +  9'v'*  +  —  »*)(«»— ?*)}  (26) 

where  the  indices  y,  w  and  s  denote  yearly,  winter  and  summer  values- 
respectively. 

The  distribution  of  [F'f]  with  pressure  and  latitude  for  the  year 
presented  in  Table  6,  shows  that  the  values  are  significantly  positive, 
with  two  minor  exceptions,  and  reaches  a  maximum  in  the  middle 
latitude  regions  near  the  860  mb  level. 

From  a  comparison  of  the  maps  for  Q'9  and  those  for  Qv  (Stash, 
Peixoto  and  Livadas  [23])  it  is  seen  that  in  the  middle  latitudes  the 
maxima  are  almost  coincident.  The  relative  importance  of  the  contri¬ 
bution  to  the  total  meridional  transport  by  the  transient  eddies  may  be- 
inferred  from  the  data  presented  in  previous  papers  by  the  writers  and 
from  the  data  given  in  Tables  1,  6  and  10  of  the  present  study.  From 
these  results  it  appears  that  the  meridional  transient  eddy  transport 
forms  the  major  part  of  the  total  meridional  transport  of  water  vapor 
in  the  middle  latitude  regions. 
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The  zonally  averaged  values  of  the  mean  total  meridional  eddy  flux 
3>C 

of  water  vapor  -  f  [q*  »*]  dp  associated  with  the  quasi-permanent 
u 

features  of  the  atmospheric  circulation,  as  given  in  Table  2  and  in  Fig.  4, 
are  always  positive  (northward)  and  in  general  smaller  than  the  corre¬ 
sponding  values  of  [Q\]  associated  with  the  transient  eddies.  The  values 
obtained  for  the  different  latitudes  present  a  well  defined  maximum 
at  20°  N,  associated  with  the  semi-permanent  subtropical  anticyclones 
and  another  maximum  not  so  well  defined  and  much  less  intense  around 
55“  N  associated  with  the  semi-permanent  lows  prevailing  in  this  region. 

The  vertical  distribution  of  the  meridional  standing  eddy  flux  of 
water  vapor  [<y*r*]  given  in  Table  7,  shows  that  one  maximum  occurs 
in  the  neighborhood  of  22 .5°  N  at  850  mb  and  another  around  55°  N 
near  the  surface.  It  is  interesting  to  point  out  that  the  lowest  values 
occur  at  45° N,  where  the  largest  values  of  [F'f]  are  observed  (Table  6). 

The  zonally  averaged  values  of  the  mean  total  meridional  eddy  flux 
of  water  vapor  shown  in  Table  3  and  in  Fig.  6,  are  predominantly  positive 
(northward)  in  agreement  with  the  well  known  fact  that  winds  from  the 
south  generally  contain  more  moisture  than  the  winds  from  the  north- 
The  latitudinal  distribution  presents  two  maxima,  resulting  from  the 
combination  of  the  latitudinal  distribution  due  to  the  transient  and  to  the 
standing  eddies.  The  present  yearly  values  compare  well  with  those 
computed  by  Stars  and  White  [15,  16]  for  five  latitude  circles, 
using  a  different  approach  and  another  type  of  expansion.  The  discrepancy 
shown  in  Fig.  5  at  31  °N  may  be  due  to  the  unavoidable  difficulties  in¬ 
herent  in  the  sampling  process  used  by  Stake  and  Whits. 

In  view  of  the  good  agreement  obtained  by  the  two  methods  at  other 
latitudes,  the  discrepancy  at  31  °N  causes  one  to  suspect  a  numerical 
error.  Although  considerable  checking  was  performed,  no  such  error 
has  been  located  as  yet. 

It  may  be  seen  that  the  effect  of  the  standing  eddies  is  of  greatest 
significance  in  low  latitudes  (<p  =  20°)  where  the  quasi-stationary 
disturbances  are  dominant.  During  the  summer  at  this  latitude,  they  are 
clearly  the  most  important  factor  in  transporting  moisture  northward, 
the  effect  of  the  transient  disturbances  being  small.  At  middle  latitudes 
(<p  =  45°)  the  vigorous  transient  eddies  predominate,  and  the  standing 
•eddies  play  a  minor  role.  However,  at  60° N  their  importance  increases 
again,  especially  in  winter  when  the  semi-permanent  lows  are  most  intense. 

The  maps  of  the  mean  zonal  transient  eddy  transport  of  water  vapor 
Q'x  (Figs.  2  a,  2  b  and  2  c)  show  very  little  similarity  with  the  corre¬ 
sponding  maps  for  the  total  zonal  transport  Q\  (Stake  and  Peixoto  [12]). 
The  zonally  averaged  values  of  Q\  presented  in  Table  4  and  in  Fig.  6, 
when  compared  with  the  values  of  [<&]  previously  evaluated  by  the 
writers  (I960),  show  that  the  mean  zonal  transient  eddy  flux  of  water 
vapor  accounts  for  only  a  small  percentage  of  the  total  zonal  transport. 
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The  latitudinal  distribution  o£  the  zonal  eddy  component  of  the  trans- 

port  field  of  moisture  associated  with  the  standing  eddies,  -  J  [q*  w*]  dp 

o 

as  shown  in  Fig.  7,  does  not  differ  substantially  from  the  correspond¬ 
ing  distribution  of  (Q'jJ.  The  values  are  alternately  positive  (eastward) 
and  negative  (westward)  in  both  cases,  which  is  related  mainly  to  the 
major  air  mass  movements  and  to  the  geographical  features  of  the  globe. 

Inspection  of  Tables  8  and  9  with  the  vertical  distribution  of  the 
eddy  zonal  transport,  when  compared  with  the  corresponding  estimates 
in  Table  1 1  leads  to  the  same  conclusion.  The  absolute  values  of  the 
zonal  eddy  transport  are  in  general  smaller  than  the  corresponding 
meridional  eddy  components.  The  zonal  eddy  transport  of  water  vapor 
is  very  small  when  compared  with  the  total  zonal  flow.  The  total  zonal 
flux  can  be  almost  entirely  explained  by  the  transport  of  the  mean 
humidity  distribution  by  the  mean  zonal  wind,  in  striking  contrast  to 
the  situation  of  the  total  meridional  transport,  where  the  eddies  con¬ 
stitute  the  most  important  factor  in  the  total  transfer  process  in  middle 
latitudes. 

5.  Some  Scientific  Implications  of  the  Results 

The  relative  importance  of  the  contribution  of  the  eddies  to  the 
total  transfer  of  water  vapor  in  the  meridional  and  in  the  zonal  directions 
shows  that  the  hypothesis  of  local  horizontal  isotropy  must  be  taken 
with  reserve  in  studies  of  the  large  scale  motions  of  the  atmosphere. 

When  maps  of  the  total  eddy  transport  vector  Q'  —  Q'*-  4  ”b  Q  fjf 
are  compared  with  the  maps  of  the  precipitable  water,  W  (Starr, 
Peixoto,  Ltvadas  [13]),  it  is  evident  that  there  is  little  correspondence 
between  regions  of  mean  eddy  outflow  and  regions  of  high  mean  water 
vapor  content.  Similar  conclusions  arise  when  vector  eddy  transport 
fields,  defined  at  each  point  by  F '  =  F\  t\  -f  F\  are  compared  with 
the  distributions  of  the  mean  specific  humidity  q  at  various  isobarie 
levels  (Peixoto  [4]).  On  a  broader  planetary  scale  this  fact  Becomes 
still  more  evident  in  comparing  the  zonally  averaged  values  of  the  mean 
total  meridional  eddy  transport,  as  given  in  Table  3  or  in  Fig.  5,  with 
the  latitudinal  distribution  of  the  zonally  averaged  precipitable  water 
vapor  content  ( W]c  in  the  atmosphere  (Starr,  Peixoto  and  Livadas 
f/ij).  Furthermore  the  bimodal  distribution  of  the  zonally  averaged 
transient  plus  standing  eddy  transport  does  not  seem  to  bear  any  simple 
relation  to  the  monotonic  decreasing  function  [  or  to  its  derivatives. 
Thus,  it  is  evident  that  the  “Austausch-Koeffizient”  and  the  mixing- 
length  formalisms  are  not  adequate  for  describing  or  explaining  the 
large  scale  “turbulent  flow”  cf  water  vapor  in  the  atmosphere,  a  con¬ 
clusion  in  agreement  with  those  found  by  Starr  el  al.  in  studying  the 
behaviour  of  other  atmospheric  quantities. 
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As  appears  from  inspection  of  the  expression  (18),  the  comparison 
of  the  total  meridional  transfer  of  water  vapor  as  given  hy  Stabs,  Peixoto 
and  Ltvadas  {13}  and  reproduced  ben  in  Table  12  and  Fig,  8,  with  the 
actual  values  of  the  total  meridional  e  idy  flux  presented  in  Table  3  and 
in  Fig.  5,  leads  to  an  estimate  of  the  contribution  of  the  so-colled  meridional 


Fig.  8.  The  meridional  distribution  of  the  total  water  vapor  transport  across 
latitude  circles  in  the  atmosphere.  Tho  dotted  curve  represents  the  component 
of  the  total  due  to  mean  meridional  cells.  Tho  umts  arc  1011  gm  see-* 

cell  component  to  the  total  meridional  transport  of  water  vapor,  also 
given  in  Table  12  and  Fig.  8  for  the  year.  This  comparison  offers  the 
important  indirect  evidence  of  the  existence  of  the  three-cell  regime 
with  two  direct  cells  and  one  indirect  cell.  The  contribution  of  the  Hadley 
cell  for  the  total  southward  transport  of  water  vapor  becomes  dominant, 
whereas  the  contribution  of  the  other  two  cells  is  only  a  small  fraction 
of  the  total  meridional  flux  of  water  vapor,  the  eddies  being  the  more 
important  factor  in  the  total  process. 


The  Hemispheric  Eddy  Flax  of  Water  Vapor 


'Ute  southward  transport  of  moisture  in  the  tropical  and  equatorial 
regions  over  the  northern  hemisphere,  has  in  the  past  been  estimated 
from  climatological  considerations  by  comparing  the  excess  of  precipi¬ 
tation  over  evaporation.  These  rough  evaluations  have  been  taken  by 
some  authors  as  a  measure  of  the  intensity  of  the  mean  tropical  meridional 
cell  and  thereafter  used  as  a  general  argument  to  claim  the  over-all 
predominance  of  the  Hadley  regime  in  the  dynamics  of  the  general 
circulation  of  the  atmosphere.  Although  these  arguments  iu  their  extreme 
form  are  no  longer  generally  credited  because  of  the  demonstrated  ef¬ 
fectiveness  of  eddy  processes,  the  classical  schemes  for  the  general  cir¬ 
culation  cannot  be  salvaged  by  these  arguments. 

It  should  be  stressed  ill  this  connection  that  indirect  estimates  of 
the  character  and  intensity  of  the  tropical  mean  meridional  cell  by  these 
means  is  beset  by  serious  difficulties  and  requires  the  introduction  of 
assumptions  whose  validity  is  hard  to  prove.  On  the  other  hand  the 
direct  objective  calculations  give  moisture  transport*  compatible  with 
available  climatological  information,  while  the  same  wind  data  give 
a  momentum  and  energy  balance  which  involves  a  rather  small  cellular 
contribution  for  the  hemisphere.  This  is  corroborated  by  the  same 
general  result  for  the  energy  cycle  in  the  southern  hemisphere  as  obtained 
from  preliminary  studies. 

The  contention  that  the  actual  wind  data  overlook  a  large  equator- 
ward  transport  of  mass  within  the  first  kilometer  or  two  above  the  sur¬ 
face  is  not  corroborated  by  estimates  and  checks  made  by  us  from  time 
to  time  during  the  progress  of  various  calculations,  ft  should  be  stressed 
that  such  net  mass  transports  cannot  be  estimated  alone  from  the  notion 
of  cross-isobar  air  flow  due  to  friction,  the  theory  for  which  is  itself 
grossly  deficient  for  this  purpose.  These  cross-latitude  flows  may  and 
probably  do  involve  geostrophic  and  gradient  wind  contributions,  be¬ 
sides  deviations  from  these,  other  than  frictional  ones. 

The  reason  why  the  tropical  mean  meridional  circulation  as  con¬ 
tained  in  our  data  gives  a  net  transport  of  moisture  equatorward  ami 
is  not  of  much  effect  in  causing  a  net  transport  of  angular  momentum 
lies  in  the  high  concentration  of  moisture  in  the  low  layers.  This  effect 
seemingly  has  served  to  delude  generations  of  meteorologists  into  the 
pursuit  of  general  circulation  schemes  which,  to  say  the  least,  missed 
perhaps  the  most  important  other  proceases  as  we  now  know,  namely 
the  negative  eddy  viscosity  phenomena  so  to  speak.  The  essentials  of 
these  alternative  ideas  in  our  writings  are  contained  in  Stark  [5,  9, 10] 
and  in  Pkxxoto  [4,  7].  In  addition  a  summary  of  various  results  for 
both  hemispheres  is  to  be  found  in  Obasi  [3], 
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ABSTRACT 

A  study  of  tho  hemispheric  water  balance  over  t  ho  northern  hemisphere  during  tho  1(5 Y 
covering  tho  moan  conditions  for  the  calondar  year  1938  is  presented.  The  study  in¬ 
cludes  analyses  of  tho  amount  of  procipitablo  water,  of  tho  vertically  integrated  water 
vapor  transport  vector  field  and  of  the  divergence  of  water  vapor  transport  for  the 
hemisphere.  Some  implications  of  tho  water  vapor  divergence  field  am  deduced  which 
are  important  for  hydrology  and  oceanography.  Finally,  the  water  vapor  Imlatice  is 
discussed  in  the  light  of  various  motearological  considerations. 


1.  Introduction 

Tho  impetus  of  tho  modern  approach  to  stu¬ 
dios  ot  tho  general  circulation  of  the  atmosphere 
as  outlinod  for  examplo  by  Starr  (1951)  re¬ 
sulted  inter  alia  in  a  number  of  extensive  in¬ 
vestigations  of  the  northern  hemisphere  water 
balance  and  its  relation  to  the  general  circulation. 
The  more  important  of  these  an-  Starr  A 
Whitk  (1955),  Starr,  Pkixoto  A  Livadar 
(1958),  Starr  A  Pkixoto  (1958),  Pkixoto  (1958, 
1980)  and  Staiir  A  Pkixoto  (1984).  All  those 
studies  wore  based  upon  aerological  data  for  the 
year  1950  and  ineludod  various  evaluations 
from  90  daily1  upper-air  sounding  stations  at 
several  levels  up  to  500  mb  over  the  entire 
northern  hemisphere.  KneouragisI  by  the  results 
and  by  the  continuing  growth  of  the  hemisphe¬ 
ric  network  of  upper-air  sounding  stations,  the 
authors  of  this  paper  have  extended  the  studies 
for  the  I(!Y  year  1958. 

2.  Formulation  of  the  problem 

Since  the  formulation  of  the  problem  anil  tho 
procedures  followed  in  the  present  paper  are 
the  same  us  those  descrilssl  in  the  previous 
study  by  Starr  A  Pkixoto  (1958),  it  seems 
sufficient  to  present  only  a  general  review  of 
tin-  approach  followed.  The  laisie  ipiantities 
usi-d  in  this  study  are  the  specific  humidity,  q, 
the  eastward  wind  component  «  and  the  north¬ 
ward  component  e,  the  total  wind  being  V. 
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To  a  high  degree  of  nccuracy  the  ntinosphere 
may  bo  eonsidensl  in  a  state  of  hydrostatic 
equilibrium  so  the  pressure  p  is  taken  ns  the 
vertical  coordinate.  Thus  a  coordinate  system 
(A,  ft,  p,  t)  is  used  in  which  A  denotes  tho  longi¬ 
tude,  *  the  latitude  nnd  t  the  time.  The  pre. 
cipitablo  water  contained  in  a  unit  column  of 
air  at  a  given  instant  above  a  point  on  the  earth's 
surfnee  is  expressed  by 

1  /*”• 

HU*./)'  1<tp.  (1) 

!7  Ju 

where  g  is  the  tieeelorut ion  of  gravity  nnd  p,  the 
menn  value  of  the  surface  pressure.  The  total 
horizontal  trunsport  of  water  vapor  above  a 
point  on  the  enrth’s  surfnee  defines  a  two- 
dimensional  vector  fi”ld,  t{(A,  *.  t),  expressed  by 
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The  zonal  nnd  meridional  components  of  tin- 
vector  field  are  given  by 
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(4) 

Expressions  ( I ),  (2),  (3)  and  (4)  may  bo  averaged 
with  respect  to  time  over  the  interval  r,  leading 
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Fia.  1.  Time  average  of  the  vertically  integrated  values  of  specific  humidity  (precipitablft  water)  W,  in 
gm  per  crn1  for  the  year  1958.  Isolino  spacing  (full  curves)  1  gin  cm'1.  The  dots  indicate  the  distribution 
of  primary  stations  used  in  the  present  investigation. 


to  the  corresponding  mean  values  W,  C|,  Qx, 
where  the  bar  denotes  tho  operator 


SW 

St 


+  V  •  Q 
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In  this  study  r  represents  tho  calendar  year 
1958.  The  divergence  of  the  yearly  mean  field 
V  ■  Q(A,  <f>)  is  given  in  the  (A,  <f>,  p)  coordinate 
system  by  the  expression 


A  •  Q(A,  <f>) 


1 

if  COS  <t> 


SQx  3  - 


(6) 


where  R  denotes  the  radius  of  the  earth. 

For  a  unit  column  of  air  extending  from  the 
earth’s  surface  (pressure,  pa)  at.  each  point  to 
the  top  of  the  atmosphere  (pressure,  p  =  0), 
the  water  vapor  balance  equation  can  be  written 


where  £  represents  the  net  sources  of  water  sub¬ 
stance  in  the  atmospheric  column.  The  sources 
and  sinks  of  water  vapor  in  the  atmosphere  are 
due  primarily  to  evaporation,  E,  and  to  pre¬ 
cipitation  P.  The  transport  of  water  in  the  solid 
or  liquid  phases  is  very  small  compared  with 
the  flux  of  water  vapor  in  the  atmosphore.  For 
all  practical  purposes  2  is  given  by  the  excess 
of  evaporation  over  precipitation,  E-P.  Thus, 
taking  the  time  averago  for  the  given  time  inter¬ 
val  (one  year),  the  equation  for  atmospheric 
water  vapor  balance  becomes, 

1  8  -  1  v 

-p — :  v  +  ^ {Q*  008  *>  -  2  2  (A  -  *’)  <8> 

R  cos  ^  L  3$  J 
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because  for  this  time  interval  S  W  jst  may  bo  taken 
as  zero.  Positive  values  of  divergence  show  areas 
where  the  total  evaporation  exceeds  the  pre¬ 
cipitation  whereas  negative  values  show  areas 
where  the  total  evaporation  is  exceeded  by  the 
precipitation. 

3.  Data  and  procedures 

Tlie  basic  data  used  in  this  study  were  taken 
directly  from  aorological  observations  made 
during  the  calendar  year  1968.  An  extensive 
coverage  of  321  selected  weather  stations,  in¬ 
dicated  by  dots  in  Fig.  1  provided  the  data 
over  the  northern  hemisphere.  Where  a  choice 
was  possible,  the  moat  reliable  and  meteoro¬ 
logically  representative  stations  were  selected. 
In  areas  where  observations  were  sparse,  all 
available  data  were  used.  The  total  of  321 
stations  was  separated  into  285  primary  and  36 
secondary  stations.  The  upper-air  data  for  the 
primary  stations  were  obtained  on  punched 
cards  or  magnetic  tape,  while  the  secondary 
ones  were  taken  from  IGY  mierocards.  All  these 
data  wore  checked  and  processed  by  electronic 
means.  All  rawinsondo  data  available  for  each 
primary  station  were  used;  rawinsondo  data 
for  mast,  stations  were  available  at  least  once 
each  day.  A  majority  of  those  stations  provided 
two  soundings  each  day,  some  throe  and  even 
four.  Statistical  computations  were  based  upon 
all  the  data  available  at  each  station.  The  data 
handling  and  machine  processing  were  accom¬ 
plished  by  the  Air  Weather  Service  Climatic 
Center,  at  Asheviile,  North  Carolina. 

The  secondary  stations  were  used  principally 
in  critical  areas  not  covered  by  the  primary 
station  network  and  also  a  few  of  them  were 
chosen  to  fill  in  gaps  at  the  equatorial  border. 
The  data  from  these  stations  wore  obtained  with 
either  radiosonde,  radio-wind,  pilot  balloon, 
rawinsonde  or  a  combination  of  these  methods. 
Although  only  seven  pilot  balloon  stations  were 
used,  in  general  the  corresponding  data  were 
not  so  reliable  as  those  from  the  primary  sta¬ 
tions. 

In  spite  of  generally  excellent  coverage  over 
the  northern  hemisphere  and  near  the  equa¬ 
torial  border  in  the  southern  hemisphere,  there 
were  some  areas  of  little  or  no  data;  the  Ama¬ 
zon  River  Basin  in  South  America,  the  eastern 
Pacific  Ocean  from  Central  America  to  the  Ha¬ 
waiian  Islands  and  the  Indian  Ocean. 
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The  over-all  coverage  of  reliable  data  over  the 
Arctic  and  middle  ItP'tudes  in  the  northern 
hemisphere  was  excellent.  The  data  from  arctic 
stations  wore  fairly  complete  up  to  80  degrees 
latitude.  The  coverage  over  North  America 
was  especially  dense  over  the  United  States;  all 
stations  in  this  area  were  used  except  a  few 
superfluous  ones.  Hie  good  coverage  over 
China,  Mongolia  and  especially  the  Tibetan 
plateau  waa  most  helpful. 

The  procedures  and  the  methodology  of  the 
several  computations  were  presented  and  dis¬ 
cussed  on  several  occasions  by  the  writers. 
Briefly,  the  yearly  mean  values  g,  gu,  and  qv 
were  computed  for  each  station  at  the  four 
standard  pressure  surfaces  of  1000,  850,  700 
and  500  mb.  The  vertical  integrations  required 
to  compute  IT,  Qx  and  were  performed  nu¬ 
merically  applying  the  trapezoidal  rule.  Con¬ 
tributions  to  the  vertical  integrals  were  dis¬ 
regarded  above  500  mb  ana  between  1000  mb 
and  the  surface  and  the  various  integrated 
fields  are  in  some  cases  underestimated. 

The  values  of  specific  humidity  are,  in  general, 
small  above  500  mb  over  middle  and  high  lati¬ 
tude  regions.  Although  the  wind  speeds  uro 
generally  high,  the  water  vapor  transports 
remain  relatively  small.  However,  these  con¬ 
tributions  are  likely  to  be  greater  in  the  tropical 
and  equatorial  regions  and  over  oxtensivo  areas 
of  high  terrain.  The  contribution  of  higher 
layers  has  already  been  taken  into  consideration 
by  the  writers  in  studying  the  humidity  condi¬ 
tions  over  Africa. 

As  mentioned  the  lower  boundary  was  set 
at  the  1000-mb  pressure  surface  whenever 
possible.  Jn  cases  where  the  mean  surface  pres¬ 
sure,  pa,  for  the  yearly  period  is  greater  than 
1000  mb,  this  procedure  underestimates  the 
total  vertically'  integrated  values.  It  was  found 
in  previous  studies  that,  with  the  exception,  of 
tropical  areas,  the  contribution  of  the  thin 
layer  between  1000  mb  and  the  surface  was  of 
little  relative  significance  for  the  total  inte¬ 
grated  values.  The  largest  differences  probably 
occur  over  the  trade  w'ind  regions,  where  low- 
level  humidities  are  high.  In  cases  where  the 
mean  surface  pressure  is  less  than  1000  mb  or 
where  the  surface  topography  normally  extends 
above  the  1000-mb  surface,  the  actual  surface 
values  of  hum.-uty  and  wind  were  used. 

The  yearly  mean  values  of  W,  Qx,  and  for 
each  station  were  plotted  on  separate  charts 
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Fjo.  2.  Distribution  of  the  vertically  integrated  moisture  transport  vector  field  averaged  for  the  year  1958. 


using  polar  stereographic  projection  maps  and 
the  corresponding  fields  were  analysed  using 
standard  procedures.  A  five-degree  latitude 
longitude  grid  was  used  to  extract  the  corre¬ 
sponding  grkipoint  values.  From  those  the  total 
mean  horizontal  vector  field  of  water  vapor 
transport  Q(A,  4>)  "'as  computed.  The  horizontal 
divergence  V-<J(A,  <f>)  was  calculated  by  finite 
difference  methods  using  the  expression  (6). 

4.  Analysis  and  interpretation  of  results 

The  spatial  distribution  of  the  mean  precipi- 
table  water  vapor  content,  W,  is  represented  in 
Fig.  I.  In  general,  there  is  a  continuous  de¬ 
crease  of  precipitable  water  vapor  content  from 
the  oquator  to  the  north  pole.  The  maritime 
and  continental  influences  are  evident.  The 
Sahara,  the  desert,  areas  of  the  Middle  East 
south  of  the  Caspian  Sea,  and  north  of  Tibet  are 
dry.  In  addition,  the  effects  of  high  terrain  are 
illustrated  by  the  very  dry  areas  (less  than  1.0 


gin  cm  ’}  over  the  western  United  States, 
central  Mexico,  the  Himalayas  and  the  plateaus 
of  Tibet  and  Central  Asia  and  Central  Africa. 

Over  the  western  portions  of  the  subtropical 
oceanic  anticyclones  the  water  vapor  eonfcent,  is 
generally  higher  than  over  the  eastern  portions, 
as  is  evident  in  the  Pacific.  This  agrees  with  the 
concept  of  general  convergence  and  divergence, 
respectively,  in  the  western  and  eastern  por¬ 
tions  of  these  semi -permanent,  large-scale  fea¬ 
tures  of  the  general  circulation.  The  areas  of 
highest  water  vapor  content  are  the  equatorial 
region  of  South  America,  the  equatorial  eastern 
and  western  Pacific  Ocean,  the  Indian  Ocean 
(especially  south  and  oast  of  India,  including 
the  Bay  of  Bengal}  and  equatorial  West  Africa. 
The  driest  area  is  in  the  Arctic,  where  the  yearly 
mean  precipitable  water  vapor  content  is  less 
than  0.6  gm  cm"1  north  of  80°N.  The  1.0  gm 
cm'*  isoline  is  found  generally  at  or  near  60°N. 
It  dips  south  of  60°N  over  the  regions  of  most 
frequent  outbreaks  of  cold,  dry  polar  continen- 
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tal  air  (eastern  Siberia,  the  Bering  Sea,  Hudson 
Bay,  etc.),  arid  it  extends  slightly  north  of  70’N 
over  Jan  Mayen  and  northeast  of  Iceland,  due 
to  the  Gulf  Stream  and  the  moist  air  masses 
frequently  carried  northeastward  across  the 
North  Atlantic. 

It  roust  be  pointed  out  that  once  again  our 
analysis  shows  the  mean  water  vapor  storage  in 
the  atmosphere)  to  be  very  small.  The  analysis 
of  the  moan  preeipitable  -water  vapor  conf'-nt 
provides  more  detail  and  accuracy  than  hereto¬ 
fore  available.  Studies  of  the  preeipitable  water 
vapor  have  important  application  to  investiga¬ 
tions  of  the  radiation  and  heat  balance  in  the  at¬ 
mosphere.  Many  specific  applications  of  in¬ 
frared  radiation  technology,  however,  require 
instantaneous  information  concerning  atmos¬ 
pheric  moisture. 

A  chart  showing  the  total  mean  horizontal 
transport  of  water,  Q,  in  vector  form  is  given  in 
Fig.  2.  This  chart  gives  a  general  idea  of  the 
main  features  of  the  mean  total  transport  of 
water  vapor  in  the  atmosphere.  It  shows  good 
agreement  with  a  similar  one  published  pre¬ 
viously  by  Stark  &  Pkixoto  (1958)  and  also 
supports  their  conclusion  that  the  net  moisture 
flow  across  the  equator  for  the  year  is  pract  ically 
aero. 

5.  Water  vapor  balance 

Starr  &  Petxoto  (1968)  calculated  the  mean 
E-P  field  over  the  northern  hemisphere  for  the 
year  1950,  inferred  from  the  horizontal  diver¬ 
gence  of  the  water  vapor  transport  using  a 
ten-degree  latitude-longitude  grid.  A  similar 
procedure  was  used  in  this  study  to  compute 
the  mean  E-P  field  for  1958.  As  mentioned 
before,  in  view  of  tho  greater  amount  of  data 
available  for  this  study,  a  basic  five-degree, 
latitudo-  longitude  grid  was  used.  The  analysis 
of  the  distribution  of  the  mean  total  horizontal 
divergence  for  1958  in  cm  per  year  is  presented 
in  Fig.  3. 

This  analysis  shows  the  existence  of  diver¬ 
gence  centers  alternating  with  convergence  cen¬ 
ters  and  exhibits  considerable  detail.  In  tho 
areas  of  dense  and  representative  data  coverage 
the  detail  obtained  in  tho  five-degree  grid 
computations  is  undoubtedly  justified.  How¬ 
ever,  in  areas  of  sparse  data  coverage  some  of  it 
may  not  be  reliable.  In  such  doubtful  areas  the 
analysis  was  smoothed  Blightly.  Otherwise  the 
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field  of  divergence  was  analyzed  so  as  to  fit  the 
numerical  values. 

The  equatorial  regions  of  the  Atlantic  and 
Pacific  oceans  show  a  general  >  .-mvergence  indi¬ 
cating  an  excess  of  prccif  tfc  ion  over  evapora¬ 
tion  due  to  the  converp.-nt  o  of  the  trade  winds 
from  both  hemispheres.  Marked  centers  of 
strong  convergence  are  found  just  south  of 
Panama  and  off  tho  east  coast  of  South  Ame¬ 
rica  near  the  equator;  both  of  these  areas  are 
known  to  have  excessive  precipitation.  Although 
the  data  supporting  the  divergence  south  of  the 
Gulf  of  Maracaibo  in  South  America  is  sparse, 
this  area  does  have  rather  scanty  precipitation 
compared  with  the  Amazon  River  basin  and 
water  shed  farther  to  the  south  and  east. 
Another  area  of  very  strong  divergence  is 
found  over  the  Arabian  Sea.  Even  though  the 
data  supporting  the  water  vapor  transport 
analysis  in  this  area  were  peripheral  and  the 
analysis  relied  heavily  on  mean  winds,  this 
divergence  area  can  bo  associated  with  the  high 
salinity  of  the  Arabian  Sea  caused  essentially 
by  the  excessive  evaporation. 

Peixoto  (1959,  I960),  Lufkin  (1959)  end 
Jacobs  (1943)  have  derived  separately,  in 
slightly  different  ways,  empirical  relations 
between  the  sea  surface  salinity  and  tho  field 
of  E  P  for  areas  of  the  oceans  where  the  ef¬ 
fects  of  horizontal  transport  of  surface  water 
salinity  are  negligible.  Earlier  Svkrdruf  (1942) 
had  established  empirically  a  rather  simple 
linear  relation  between  surface  water  salinity 
and  E-P.  The  simple  relationship  indicates  that 
transport  of  salinity  by  ocean  currents  is  of 
minor  importance  for  average  conditions  over 
long  periods  of  time,  whereas,  the  difference 
between  evaporation  and  precipitation  is  of 
primary  importance.  Since  tho  field  of  E-P 
is  intimately  related  to  the  general  circulation  of 
the  atmosphere,  it  can  be  concluded  that  the 
average  values  of  sea  surface  salinity  are  con¬ 
trolled  by  the  atmospheric  circulation. 

Sverdrup  (1942)  includes  a  chart  showing 
surface  salinity  of  the  oceans  in  northern  sum¬ 
mer;  this  hart  shows  excellent  agreement  with 
Fig.  3  over  the  oceans.  More  recently  both 
Defant  (1961)  and  Von  Arx  (1962)  have  em¬ 
phasized  the  important  relationship  between 
atmospheric  circulation  and  sea  surface  salinity. 

Two  areas  of  strong  convergence  bordering 
the  equatorial  and  subtropical  regions  are 
worthy  of  special  note.  One  extends  from  south- 
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Fio.  3.  Distribution  of  the  horizontal  divergence  of  the  vertically  integrated  total  annual  flux  of  water 
vapor  4>)  for  the  1GY  in  grams  per  cm*  per  year.  The  isuplcth*  (full  lines  for  divergence  and 

dashed  for  convergence)  are  entered  for  intervals  of  100  cm  year1. 


western  Arabia  near  Aden  generally  westward 
and  southward  across  equatorial  eastern  and 
central  Africa  and  the  other  is  over  north- 
central  India.  The  first  area  over  Africa  con¬ 
tains  the  headwaters  of  the  Blue  Nile  and  several 
tributaries  of  the  White  Nile;  there  are  several 
rivers  flowing  southward  from  this  area  through 
Somaliland  and  Kenya.  Upper  parts  of  the 
Congo  and  Ubangui  rivers  are  also  in  the  area. 
Th"  heavy  rains  over  tbo  areas  referred  to  in 
India  are  well  known.  With  more  detailed  data 
coverage  close  to  anti  within  the  Himalayan 
mountains  the  water  vapor  transport  analyses 
would  undoubtedly  support  more  accurately 
the  location  of  the  center,  or  jrossibly  two  cen¬ 
ters  of  convergence,  one  further  north  and 
elongated  along  the  mountain  mass  and  one 
farther  east  over  Assam.  It  seems  very  likely 
that  even  greater  detail  could  be  obtained  in  the 
divergence  analysis  over  India  if  there  were  a 
high  density  of  reporting  stations  located  so  as 
to  delineate  clearly  t  he  tremendous  convergence 


of  water  vapor  transport  associated  with  the 
well-known  summer  monsoon.  Nevertheless, 
the  analysis  shown  on  Fig.  3  appears  to  be 
consistent  with  the  more  general  known  facts 
of  the  earth’s  water  balance  over  India.  It  is 
interesting  to  note  the  extension  of  this  promi¬ 
nent  convergence  northward  through  Kashmir 
to  the  Pamirs  and  Altai  Mountains  west  of 
Sinkiang  where  rain  and  snow  provide  the  head 
waters  of  the  Indus  River  and  also  several 
other  smaller  rivers  flowi  .g  into  the  Tarim 
Basin  of  Sinkiang  where  they  disappear.  Actu¬ 
ally  there  is  a  further  extension  of  the  conver¬ 
gence  over  the  marshy  west  Siberian  lowlands. 
It  should  also  be  noted  that  this  entire  large 
area  of  convergence  over  India  covers  the  vici¬ 
nity  of  the  headwaters  of  several  extensive 
river  systems:  Indus,  Ganges,  Brahmaputra, 
Salween,  Mekong,  and  Yangtze. 

The  subtropical  regions  of  the  Atlantic  and 
Pacific  Oceans  show  rather  strong  and  exten¬ 
sive  areas  of  divergence,  in  the  Atlantic  the 
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divergence  ;>tti i is  ciongab-d  m  an  enst- 
west  direction  and  generally  umnt.-rrupted.  tn 
the  Pacific  the  divergence  extends  westward 
from  Mexico  in  Marcus  Island;  it  shows  si  -vent  I 
iTnici'a  of  marked  divergence  interrupted  by 
areas  of  weak  convergence  or  loan  marked  diver¬ 
gence.  This  feature  of  the  analysis  may  bo  tine 
to  a  «’i  far  struct »re  in  the  Pacific  ant icyeloni*. 
Over  tj,.i  we«!eni  jKjrfiim  of  !  hi'  Pacific  anii- 
evrlonie.  belt  the  pattern  in  somewhat  complex, 
but,  in  general.  convergence  predominates;  the 
uivy,  south  and  iu»t  of  Japan  shows  i  at  her 
strong  convergence'  in  might  be  expected  be- 
cause  the  moan  i»osif  ion  of  tin*  polar  front  is  in 
this  legion.  Closely  associated  with  the  stiong 
divergence  of  the  subtropical  oceanic  anticyc¬ 
lones  aro  throe  other  interesting  areas  of  diver¬ 
gence;  one  over  the  central  Mediterranean  Sen, 
another  over  Iran,  and  the  third  over  Mauri¬ 
tania  in  west  Africa.  The  central  Mediterranean 
divergence  extends  southward  over  the  desert 
areas  of  Libya  and  Algeria  and  actually  joins 
to  the  cast  through  the  Syrian  Desert  with  the 
divergence  over  Iran;  this  whole  amt  is  known 
for  its  dryness  and  is  an  important  source  of 
atmospheric  moisture;  also  the  Mediterranean  is 
known  for  its  high  salinity,  which  is  associated 
with  high  positive  mean  values  of  E  P.  There 
are  centers  of  convergence  in  southern  and  cen¬ 
tral  Europe  and  in  North  Africa  (Atlas  Moun¬ 
tains,  Tunisia).  These  eenters  are  associated  with 
the  frontal  perturbations  and  with  the  topo¬ 
graphy.  The  center  over  the  Iberian  Peninsula 
is  somewhat  displaced  to  the  south.  However,  it 
is  well  known  that  the  northern  part  of  the 
Iberian  Peninsula  is  one  of  the  regions  of  highest 
mean  rainfall  in  Europe,  and  is  the  source  of 
important  rivers:  (e.g.,  Tagus,  Douro,  Ebro, 
etc.).  The  divergence  over  west  and  Central 
Africa  coincides  with  scanty  precipitation  and 
with  tho  cold  Canary  or  North  African  Current. 
The  dryness  of  the  Cape  Verdo  Islands  is  well 
known.  It  is  not  difficult  to  recognize  and  to 
accept  that  the  subtropical  ocean  areas  which 
show  strong  divergence  of  water  vapor  trans¬ 
port  arc,  in  fact,  major  sources  of  atmospheric 
moisture.  But  it  is  more  difficult  to  conceive  of 
deserts  in  West  and  Central  Africa,  Arabia,  the 
Middle  East,  and  Iran  as  contributing  sources 
of  atmospheric  moisture.  Nevertheless,  the 
divergence  of  atmospheric  water  vapor  trans¬ 
port  shows  this  to  be  the  ease.  Starr  <fc  Pkix- 
oro  (1958)  have  already  commented  on  this 

Tcltus  XVII  (1965),  4 
30  -  8S2H93 


jMUJit .  sirce  their  study  of  1950  -dmued  siriuiur 
diveigeiici'  over  these  xntiis*  deserts,  it  vif-rs 
(19(13)  also  hits  discu.ss.tt  atmospheric  water 
vapor  divergence  and  tviiam  uppheat iotis  <b 
such  information  for  climatic  modification. 
The  strong,  positive  divergence  of  water  vapor 
transport  over  dry,  desei  i  areas  and  the  atten¬ 
dant  interesting  speculations  aroused  thereby 
are  certainly  worthy  of  further  study  from  a 
climatic  and  hydrologic  viewpoint. 

The  mill-latitude  regions  around  the  northern 
hemisphere  show  luauy  areas  of  divetgctuv  and 
convergence.  The  most  prominent  are  areas  of 
convergence,  associated  with  the  ext ru-t  ropietil 
storm  tracks  across  the  Xortn  Atlantic  and 
North  Pacific  oceans.  The  convergence  bet  ween 
Iceland  and  Oreenland,  uttd  the  other  rather 
strong  mid  marked  areas  of  convergenee  m 
the  Nortlt  Atlantic  region  art'  clearly  related 
to  polar  front  storms;  this  is  osjH'eially  evident 
over  the  eastern  United  States  and  overtheCulf 
Stream  and  also  in  the  vicinity  of  the  western 
and  coastal  regions  of  Norway  and  Sweden.  A 
long  ami  extensive  area  of  convergence  extends 
from  the  East  China  Sea  nort  beast  war.  1  over 
the  Japanese  islands  and  Sakhalin  then  east¬ 
ward  across  the  entire  northern  Pacific  Ocean 
to  the  west  coast  of  North  America.  Here,  in 
the  vicinity  of  the  Queen  Charlotte  Islands  off 
the  const  of  British  Columbia,  is  found  a  strong 
area  of  convergence  extending  northward  and 
southward  along  the  coastal  mountain  ranges. 
This  area  is  known  to  have  copious  and  regular 
precipitation  year  after  year.  An  area  o!  weak 
convergence  is  found  inland  of  the  coastal 
mountains,  and  divergence  is  actually  shown 
over  tho  desert  ureas  of  Nevada  and  southern 
California  including  Death  Valley  and  the 
Stilton  Sea:  farther  inland  over  the  Rocky 
Mountains  is  found  another  urea  of  moderately 
strong  convergence.  Within  this  general  area  of 
convergence  ate  the  headwaters  of  several 
large  river  systems:  Columbia,  Missouri,  Colo¬ 
rado,  Arkansas,  and  Rio  Grande.  The  details 
of  other  small  areas  of  weak  convergence  and 
divergence  over  the  United  States  and  Canada 
can  be  supported  by  excellent  data  coverage. 

There  are  two  rather  strong  and  marked  re¬ 
gions  of  divergence  in  the  mid-lut  it  tales  that 
should  be  mentioned,  although  the.  over-all 
picture  is  one  of  general  convergence.  One  area 
is  found  just  south  of  Newfoundland  and  ex¬ 
tends  southeastward  into  the  Atlantic;  the  other 


-550- 


VICTOR  P.  STARK  H  III 


/ 


Flo.  4.  Distribution  of  divergence  for  1958  similar  to  preceding  figure,  but  prepared  by  an  equal  weight¬ 
ing  of  summer  and  winter  conditions  especially  over  India  with  free  use  of  climatological  information 
over  that  region. 


area  is  found  over  the  northern  portion  of  the 
Yellow  Sea,  northern  Korea,  and  the  western 
portion  of  the  Sea  of  Japan.  The  divergence 
over  northern  Korea  was  also  found  by  Stark  & 
Peixoto  (1958);  it  may  be  associated  with  the 
long  winter  monsoon  carrying  cold,  dry  air 
across  this  region  and  increasing  its  moisture 
at  the  expense  of  the  underlying  surfaces,  espe¬ 
cially  over  the  Sea  of  Japan.  It  should  be  rioted 
that  the  pattern  abruptly  changes  to  one  of 
convergence  along  the  western  shores  of  the 
Japanese  islands.  The  rather  strong  divergence 
near  Newfoundland  is  more  difficult  to  justify' 
as  a  semi -permanent  feature  of  the  general  cir¬ 
culation;  it  again  may  be  possible  that  the 
outbreaks  of  cold,  dry  Canadian  air  masses  over 
this  region  are  responsible  for  it. 

The  arctic  regions  north  of  60°  N  show  a 
patchwork  of  small  areas  of  weak  convergence 
and  divergence.  Nevertheless,  the  data  cover¬ 
age  north  to  80°  N  waa  good,  and  at,  least  the 
divergence  pattern,  complex  as  it  may  be, 


should  represent  conditions  in  1958.  It  appears 
that  there  is  a  southward  transport  across  80°  N , 
as  is  also  the  case  across  70  '  N. 

6.  Final  comments 

The  analysis  was  performed  as  objectively  as 
possible  and  the  use  of  preconceived  ideas  from 
climatology  was  avoided. 

It  should  be  noted,  that  except  for  differences 
already  mentioned  and  various  smaller  details, 
the  major  features  of  the  divergence  analysis 
in  this  study  agree  quite  well  with  those  of  the 
study  made  for  1950  by  Starr  &  PurxoTO 
(1958).  We  may  consider  the  similarities  be¬ 
tween  the  two  studies.  The  strong  region  of 
convergence  over  northern  South  America  in 
1950  is  repeated  in  1958  with  more  detail.  The 
convergence  center  is  associated  with  the  heavy 
rainfall  in  the  Amazon  Valley.  The  divergence 
region, -splitting  northern  South  America  on  the 
1958  map,  was  subsequently  found  to  be  as- 
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sociated  with  a  dry  region  over  Venezuela.  This 
detail  was  not  picked  up  on  the  1950  map,  al¬ 
though  the  zero  is  found  along  the  northern 
coast  of  the  continent.  The  strong  convergence 
over  the  source  region  of  the  Nile  was  found  for 
both  years  but  with  more  detail  in  1958.  Diver¬ 
gence  over  the  Mediterranean  and  over  the 
western  Sahara  is  found  on  both  maps,  al¬ 
though  details  are  different. 

Differences  over  India  and  Southeast  Asia 
havo  not  boon  completely  reconciled.  Supple¬ 
mental  stations  used  for  the  1958  map  altered 
the  analysis  significantly  and  made  us  question 
the  representativeness  of  some  of  the  mean  values 
used  in  the  1950  analysis.  Because  of  monaoonal 
effects  over  India,  more  numerous  observations 
in  one  season  than  the  other  could  greatly  bias 
the  transport,  vector  field,  and  hence  also  its 
divergence. 

As  an  experiment  designed  to  in  vestigate  this 
last  possibility  somewhat  further,  our  colleague 
Mr.  E.  Rasmusson  kindly  prepared  an  alter¬ 
nate  map  of  the  divergence  for  1968.  The  dist¬ 
ribution  shown  in  Fig.  4  was  obtained  in¬ 
dependently,  through  the  analysis  of  the  zonal 
and  meridional  transjairta  for  summer  and 
winter  separately.  The  seasonal  distributions 
were  then  weighted  equally  and  combined  into 
the  chart  for  tho  year.  In  the  preparation  of 
Fig.  4  general  climatological  information 
was  used  as  an  aid  in  the  analysis  over  the  region 
in  question.  It  is  clear  that  the  hydrological 
phenomena  of  India  such  as  the  boundary  of 
the  Thar  desert  and  the  high  rainfall  inland 
along  the  Malabar  coast  and  over  the  Western 
Ghats  region  are  reflected  to  better  advantage. 


The  divergence  region  present  in  both  years 
along  tho  east  coast  of  Siberia  and  China  is 
consistent  with  the  dry  air  coming  off  tho  Asian 
continent  as  already  mentioned. 

The  presence  of  the  divergence  in  both  1950 
and  1958  over  the  Mississippi  -  Miasou  ri  Valley, 
continuing  up  into  Saskatchewan,  indicates  a 
significant  item  of  agreement. 

On  the  whole  where  the  data  are  adequate,  the 
main  features  of  the  divergence  field  seem  to  bo 
repeated  for  tho  two  years.  Reasons  for  differ¬ 
ences  may  bo  duo  to  inadequate  data  to  define 
the  divergence  field,  and  to  differences  between 
the  mean  state  of  the  circulation  and  moisture 
content  for  the  two  years,  such  as  the  action  of 
hurricanes  and  typhoons.  Tho  annual  total  pre¬ 
cipitation  can  sometimes  be  dependent  on  just 
one  auch  storm.  Finally,  differences  may  be  duo 
to  tho  finer  grid  work  used  for  the  1958  study. 

The  present  study  indicates  the  necessity  of 
extending  the  analysis  throughout  the  southern 
hemisphere.  It  seems  also  desirable  at  this  point 
to  pursue  equivalent  studies  on  tho  water  bal¬ 
ance  on  a  regional  scale  so  that  in  performing  a 
more  detailed  analysis  physiographic  influences 
and  local  factors  can  be  taken  more  fully  into 
consideration. 
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ON  THE  ROLE  OF  WATER  VAPOR  IN  THE  ENERGETiCS  OF  THE 
GENERAL  CIRCULATION  OF  THE  ATMOSPHERE  (*)  (**) 


Jose  P.  Peixoto 

{University  of  Lisbon  and  Massachusetts  Institute  of  Technology) 


ABSTRACT  —  The  role  of  water  vapor  in  the  energetics  of  the  general 
circulation  of  the  atmosphere  is  studied  and  discussed.  The  water  vapor  is 
the  most  important  absorber  of  solar  energy  in  the  atmosphere,  and  hence, 
its  distribution  influences  the  form  of  the  energy  input  into  the  system.  Through 
the  release  of  latent  heat  it  generates  zonal  available  and  eddy  available  poten¬ 
tial  energy.  The  available  potential  energy  of  tire  disturbances  is  partly  supplied 
by  the  non  adiabatic  heating  due  to  condensation.  The  implications  of  the 
meridional  transport  of  latent  heat  and  of  its  divergence  are  discussed  in  the 
light  of  various  meteorological  considerations.  The  total  mean  meridional 
transport  of  latent  energy  is  southward  in  the  equatorial  regions  and  north¬ 
ward  in  middle  and  high  latitude  regions  whereas  the  meridional  transports 
associated  to  transient  and  standing  disturbances  are  predominantly  positive 
(from  south).  The  contribution  of  Hadley  cell  for  the  total  southward  transport 
of  latent  energy  becomes  dominant  in  the  lower  troposphere  of  equatorial 
regions. 

R&SUM&  —  On  pr&ente  une  etude  du  r61e  de  la  vapeur  d’eau  dans 
l'£nerg<Etique  de  la  circulation  giinirale  de  Tatmosph^re.  La  vapeur  d’eau  est 
1’absorbant  le  plus  important  de  l’atinosph&re  et  sa  distribution  module 
<l'input»  de  l’6nergie  dans  le  systeme.  En  degageant  de  la  chaleur  lateute 
elle  va  generer  l’^nergie  potentielle  disponible  zonalle  et  perturbee.  L’energie 
disponible  des  perturbations  est  partiellement  fournie  par  le  rechauffemeut 
non  adiabatique  due  &  la  condensation  de  la  vapeur  d’eau.  On  6tudie  d’abord 
ies  implications  du  transport  meridional  d'energie  latente  et  de  sa  divergence 
fk  la  lumi^re  de  diverses  considerations  met£orologiques. 

Le  transport  meridional  total  de  l’4nergie  latente  est  dirig6  vers  le  sud 
dans  les  regions  equatoriales  et  vers  le  nord  dans  les  regions  des  latitudes 


{*)  The  research  reported  in  this  paper  has  been  possible  through  the 
suport  of  the  U.  S.  National  Science  Foundation  under  grant  N°  G  P  —  3657. 
(*•}  Received  November  30,  1965. 
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moyeimes  ct  61ev6es,  tandis  que  le  transport  meridional  assodd  aux  pertur¬ 
bations  stationaires  et  transientes  est,  d’une  fa$on  g6n6rale,  positive.  La  con¬ 
tribution  des  circulations  du  type  Hadley  est  dommante  pour  le  transport 
vers  le  sud  de  I’energie  latente  dans  la  basse  troposphere  des  regions  6qua- 
torialea. 

1.  INTRODUCTION 

One  of  the  possible  approaches  to  the  study  of  the  general  cir¬ 
culation  of  the  atmosphere  is  to  examine  certain  integral  requirements 
deduced  from  dynamical  principles  governing  the  motion  of  the 
atmosphere,  formulated  in  therms  of  physical  properties  such  as 
energy’,  momentum,  mass,  water  vapor  content,  etc. 

This  approach  has  been  used  extensively  at  the  M.  I.  T.  Pla¬ 
netary  Circulations  Project. 

According  to  the  principle  of  the  conservation  of  mass,  water 
substance  cannot  be  created  or  destroyed  within  the  atmosphere. 
The  water  balance  may  therefore  be  taken  as  a  constraint  on  the 
general  circulation.  The  necessity  for  the  transport  of  water  in  the 
atmosphere  arises  from  the  existence  of  an  excess  of  precipitation 
over  evaporation  in  certain  regions,  with  a  reversal  of  prevailing 
conditions  over  other  areas.  Since  storage  effects  of  the  atmosphere 
are  small  enough  to  be  neglected,  the  excesses  and  deficits  must  be 
made  up  through  the  transport  of  water  by  atmospheric  circulations, 
since  there  can  be  no  significant  net  flux  of  water  into  or  out  of  the 
atmosphere  as  a  whole.  Therefore,  water  vapor  can  be  regarded  as 
an  indicator  of  the  mechanisms  which  maintain  the  general  circulation. 

In  dealing  with  the  energetics  of  the  atmosphere,  one  cannot 
ignore  the  existence  of  water  component  in  its  various  phases.  In 
the  vapor  phase,  it  is  the  most  active  constituent  of  the  atmosphere 
with  regard  to  radiative  processes.  It  is  a  highly  selective  absorber 
of  incoming  solar  energy;  and  also  an  important  emitter  of  long  wave 
radiation.  The  solid  and  liquid  phases  in  the  form  of  clouds  have 
a  profound  influence  upon  the  spatial  distribution  of  planetary 
albedo,  and  consequently  upon  the  amount  of  solar  energy  that  is 
available  for  absorption  by  the  earth.  Furthermore  clouds  influence 
the  long  wave  radiative  balance,  and  through  this,  the  vertical  dis¬ 
tribution  of  temperature  in  the  atmosphere. 

Since  all  its  phases  can  occur  within  the  usual  range  of  the  observed 
temperatures  there  are  large  amounts  of  energy  associated  with  the 
phase  changes  that  play  an  important  part  in  the  energy  budgets 
of  the  earth  and  of  the  atmosphere. 
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With,  the  imposed  horizontal  flux  of  water  vapor  is  associated 
a  transport  of  energy  in  the  form  of  latent  heat  which  constitutes 
an  important  part  of  the  energy  balance  of  the  atmosphere.  The 
corresponding  vertical  transport  serves  to  compensate  for  radiative 
effects  which  tend  to  cool  the  atmosphere  as  a  whole  (1)  (2).  Finally, 
the  energy  associated  with  phase  changes  alters  the  baroclinicity  of 
the  atmosphere  thereby  influencing  the  kinetic  energy,  momentum 
and  vorticity  fields. 

The  present  paper  intends  to  give  some  aspects  of  the  results 
obtained  in  the  study  of  the  water  balance  requirements  of  the  atmos¬ 
phere,  and  their  implications  for  the  energetics  and  the  mechanisms 
of  the  maintenance  of  the  general  circulation. 


2.  NOTATIONS  AND  FORMULAE 


In  the  present  study  we  shall  use  the  following  notations: 


X  =  longitude 
<P  =  latitude 
p  ~  pressure 
t  —  time 

a  sss  radius  of  the  earth 

u  =  acost p  dxjdt  —  eastward  wind  component 
v  —  a  dyjdt  =  northward  wind  component 
V  —  «  I  -f-  v  J  =  horizontal  wind  vector 
<o  —  dpjdt  =  rvertical  velocity* 
z  —  height  of  an  isobaric  surface 
g  =  acceleration  of  gravity 
~  gz  ~  geopotential 

a  =  specific  volume  of  the  air 
p  =  density  of  the  air 
T  —  temperature 
R  =  gas  constant 

cA,  ce  —  specific  heats  at  constant  pressure  and  at  constant 
volume 


k  =  Rjc , 

6  =  T'p  p\  ~  potential  temperature 
q  =  specific  humidity 
L  —  latent  heat  of  condensation 

Tt  —  T  +  q  =  equivalent  temperature 
CP 
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v 

dm 

P 

E 

U  —  cr  T 

n  =  cf  t 

=  U+m 

a 

t 

F 

‘  dQp 


Qr  — 
Ql  = 


dt 

dQ* 

dt 

^Ql  _ 
dt 

u  = 


W' 

Q 


'  zenith  angle  of  the  sun 

dp 

a *  cos  9  <fx  - -  mass  element 

i 

precipitation 
evaporation 
internal  energy 
enthalpy 

total  potential  energy 
angular  velocity  of  the  earth 
2  Q  sen  c?  —  Coriolis  parameter 
frictional  force  =  Fxl  -f  FVJ 

heating  rate  due  to  conduction  and  friction 

heating  rate  due  to  radiation 

heating  rate  due  to  condensation 
rp« 

g~l  I  dp  =  seccional  mass 

npo 

g'1  fqdp  ~  predpitabi  •  water 


rt><> 

g'1!  qv.  dp  =  i  +  Qv  l  —  water  vapor  vector 

transport 

rpo 

Q-g  —  g"1 1  q  u  .  dp  —  zonal  transport  of  water  vapor 
rpe 

Q9  =  g~x  f  q  v  .  dp  —  meridional  transport  of  water  vapor 
J • 


= 
A  — 

r  = 


source  function  for  water  vapor 

availability  of  energy 

dT  , 

lapse  rate 


¥^pi 


dz 

g 


dry  adiabatic  lapse  rate 


-—'ll 

L3  4  <ric* 

\ix< 

*7  J 

Navier-Stokes  tensor 


vt  v'l  —  Reynolds  tensor 
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x  —  r'lj  x  di  =  time  average  of  x 

x'  ~  x  —  x  deviation  from  time  average 

[x]  =  (2  n)"1  (j)  x  dx  —  zonal  average  of  * 

a*  —  t  —  {Yj  --  deviation  from  zonal  average 
w  r  /’v/. 

x  s'3  I  j  *  d  X  if  9  -  hemispheric  average  of  x  over  an  iso- 
baric  surface 

Hi 

x*  —  x  —  *  —  deviation  from  hemispheric  average 

t  rr  .  . 


;//‘  cos  9  if <p  A  —  space  average 


S5K  (?,  -f  10)  —  SCK  9jJJ 
for  the  latitudinal  belt  <?i 

[ xy]B  —  [%'  y']  +  [**  y*]  —  total  eddy  covariance  of  x  and  y 
jY  y']  »  transient  eddy  c  »variance  of  x  and  y 
[**  y*]  =  standing  eddy  covariance  of  x  and  y 

Ku  =  —  j' ([«]*  +  [v]a)  dm  =  zonal  kinetic  energy 

Ks  —  —  j  ([»'*  -f-  v'2]  -j-  [«**  -f- 1»*2])  dm  =  eddy  kinetic  energy 


(l*\ 
AO  W 


1  dP/  m 
/«*  i>  dT  Yl 

Y  =  jl?' - - ]  —  static  stability'  parameter 

w—l  ^ 

g 

\8/(rj-r) 

Au  =  ~  [T]'3  dm  =  zonal  available  potential  energy 

As  —  ~  J*y  ([T's]  +  [T  *  *])  dm  —  eddy  available  potential 


static  stability'  parameter 


energy 


D(K )  ~  fv.F  dm  —  rate  of  frictional  dissipation  of  kinetic  energy 

due  to  small  scale  turbulence  and  to  eddy  stresses  at 
the  boundary 
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G[A)  ~  rate  of  generation  of  available  energy  due  to  non- 
-adiabatic  effects 


C(Ke  ,  Km)  ~  rate  of  conversion  from  eddy  kinetic  energy  to  zonal 
kinetic  energy  by  the  eddy  momentum  transport 
C(Am  ,  Ak)  —  rate  of  conversion  from  zonal  to  eddy  available  po¬ 
tential  energy  by  tire  eddy  sensible  beat  transport 
C(Am  ,  Km)  —  rate  of  conversion  from  zonal  available  potential  energy' 
to  zonal  kinetic  energy  by  mean  meridional  circula¬ 
tions 

C(A£  ,  Ke)  —  rate  of  conversion  from  eddy  available  potential  energy 
into  eddy  kinetic  energy  by  large-scale  eddy  processes 


V  -----  1 - t  +  J  — r  —  surface  spherical  gradient  ope- 

a  cos  <p  dx  a  c)<? 

rator  on  an  isobaric  surface 


In  this  discussion  the  primitive  hydrostatic  equations  for  the 
atmosphere  are  written  as  follows: 


a)  equations  of  motion 


Su  du 

dv  dv 

__  +  v.v„  +  w__  + 


(t-Th 

('+-! 


cos  9  dx 

*gq>\  1 


/+  a  d9 


b )  equation  of  hydrostatic  equilibrium 

d<&  R 

—  +  —  r  =  0 

dp  p 

c)  equation  of  continuity 


(J) 

(2) 


(») 


—  +  iutr~0 

d)  equation  of  continuity  for  the  water  vapor 


(4) 


dq  d  dq 


Ql 


(5) 
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t }  equation  of  the  first  law  of  thermodynamics 


do 

17 


+  tr ,  v  0  H-  o 


dO  Q 

If  T 


(Qp+Qz+Qt) 


(6) 


3.  THE  WATER  VAPOR  IN  THE  GLOBAL  BALANCE  OF 
TOTAL  ENERGY  OF  THE  ATMOSPHERE 

3.1.  The  balance  equation  of  global  energy 

The.  atmosphere  contains  significant  amounts  of  potential  energy 
(gravitational},  internal  energy  (heat),  latent  energy  (heat  of  conden¬ 
sation)  and  kinetic  energy  of  various  scales  of  motion. 

For  a  moist  atmosphere  the  total  amount  of  potential  energy,  ©, 
the  internal  energy,  U ,  and  the  latent  energy,  LW,  in  a  unitary 
column  of  the  atmosphere  in  a  state  of  hydrostatic  equilibrium  is 
proportional  to  the  mean  equivalent  temperature  of  the  column  or 
to  the  wheighted  potential  equivalent  temperature 

<t>  +  U  +  LW  =  g-'Jc,  Tt  dp 

“  ft1  fXjcpPh%dp  (7) 

where  W  is  the  precipitable  water  content  of  the  column,  L  the  latent 
heat  of  condensation,  assumed  to  be  constant  and  ©,  the  potential 
equivalent  temperature.  This  total  energy  may  be  designated  as 
total  moist  potential  energy. 

For  a  dry  atmosphere  the  total  amount  of  potential  energy  and 
internal  energy  for  a  unitary  column  of  the  atmosphere  in  a  state 
of  hydrostatic  equilibrium  is  proportional  to  the  total  enthalpy  of 
the  column  or  to  the  wheighted  potential  temperature,  6: 

4-  U  =  g-'fcfT  dp 

=  P'S  f!fcr  pk  0  dP  (8) 

Since  the  generation  and  the  destruction  of  both  forms  of  energy 
(potential  plus  internal)  occurs  simultaneously  it  is  costumary  to 
consider  the  two  forms  of  energy  as  a  single  form,  the  so  called  total 
potential  energy,  <&*. 
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MAitamjss  (1903)  has  firmly  established  that  the  maintenance 
of  the  atmospheric  motions  in  a  synoptic  scale  against  the  dissipation 
is  due  to  the  conversion  of  total  potential  energy  into  kinetic  energy. 
The  rate  of  generation  of  total  potential  energy  (internal  plus  poten¬ 
tial),  which  has  to  be  resupplied  depends  upon  non  adiabatic  heating 
including  radiation,  frictional  heating,  the  release  of  latent  heat, 
hearing  of  contact  of  the  atmosphere  with  the  earth  (transport  of 
sensible  and  latent  heat  by  turbulent  difusion),  etc. 

The  meeh&nism  of  conversion  is  basically  a  sinking  of  colder  air 
and  a  rising  of  warmer  air  at  same  level.  It  is  then  required  an  hori¬ 
zontal  gradient-  of  temperature  for  the  process  to  continue.  Thus  only  a 
small  fraction  of  the  total  potential  energy  is  really  available  for  conver¬ 
sion  into  kinetic  energy  of  the  actual  atmospheric  motions.  The  process 
of  generating  available  -potential  energy  is  essentially  through  the  heating 
of  warm  regions  and  the  cooling  of  cooler  regions  at  the  same  isobaric 
level  which  is  equivalent  to  a  local  decrease  of  entropy. 

The  local  balance  equation  for  the  total  energy  which  expresses 
the  conservation  of  total  energy  for  the  atmosphere,  may  be  written 
(3)  (4),  (5)  in  the  form: 


~  P  (U+*+K)+div  £P  (cpT+  Lq+*+K)  *-{S  +  *) .  vj=  P  Q  (9) 

where  $  is  the  Navier-Stokes  viscosity  tensor,  $  is  the  Reynolds 
turbulence  tensor. 

If  tliis  equation  is  integrated  over  the  volume  of  a  polar  cap  r, 
bounded  by  a  wall  £,  the  resulting  equation  after  averaged  in  time 
over  the  period  considered  becomes: 


Ml 


p(U  -f-  4>  -f  K)  dr  -f- 


-JJz[W+W^]Hd£=jfjj  QJ- 


T  -f-  K  -f*  4>)  Vff  d  £  — 


(10) 


The  local  variation  of  the  total  energy  in  the  polar  cap  results 
from: 

a )  the  flux  of  total  energy  in  the  form  of  enthalpy  (cp  T),  of 
latent  heat  {Lq),  of  potential  energy  (<X>  —  gz )  and  of  kinetic  energy 


of  existing  motions 


,  across  the  boundary  £ ; 
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b)  the  flux  of  energy  due  to  the  action  of  frictional  forces,  which 
would  ordinarily  consist  of  a  dissipation  due  to  molecular  viscosity 
and  to  small-scale  turbulence  which  can  produce  no  significant  tan- 
geacial  stresses; 

c)  a  production  of  energy  due  to  non-adiabatic  heating  (Q). 

It  must  be  pointed  out  that  kinetic  energy  of  existing  motions 
is  very  small  compared  with  the  other  forms  of  energy'. 


3.2.  The  meridional  flux  of  moist  latent  energy 

Latent  heat  is  one  of  the  component  of  the  flux  cf  energy  in 
equation  (10).  Analyses  of  the  transport  fields  of  water  vapor  can 
be  regarded,  in  fact,  as  representations  of  the  fluxes  of  latent  heat. 
As  was  discussed  in  previous  papers  (4),  (6),  (7)  the  total  mean 
horizontal  flux  of  latent  heat  above  a  point  on  the  earth's  surface 
is  given  by 

LQ~g->fiT*df>  =  L(Qxi+Q9J)  <n> 


where  the  latent  heat  of  condensation,  L,  is  assumed  to  be  constant. 

From  the  hemispheric  analyses  of  the  quantities  Qx  and  Qv  (6) 
the  values  of  the  latter  quantity  have  been  computed  and  are  shown 
in  table  i.  By  comparing  these  values  with  those  given  by  Hou- 

TABLE  I 


Zoncdly  averaged  values  of  the  total  talent  energy  transport  across  latitude  circles,  [i  Q^\ , 
far  the  Northern  Hemisphere  in  units  of  1014  cal! sec.  The  lower  numbers  give  the  compo¬ 
nent  of  the  total  due  to  Mean  Meridional  cells  Lg~l  f  [y]  [»]  dp. 


Latitude 

80* 

70* 

80* 

60* 

4i* 

40* 

SO* 

20* 

10* 

0* 

Winter 

—  0,06 

0,38 

1,34 

2,69 

3,02 

3,22 

2,29 

—  2,21 

—  8,62 

—  5,59 

0,05 

0,20 

0,25 

0,40 

0,70 

—  0,17 

—  4,42 

— 10,03 

—  5,74 

Summer 

—  0,07 

0,29 

1,46 

4,08 

4,15 

3,38 

1,27 

—  1,10 

1,15 

5.45 

—  0,22 

0,05 

1,66 

1,85 

1,29 

—  1,26 

—  3,98 

0,16 

5,60 

Year 

—  0,07 

0.32 

1,42 

3,19 

3,48 

3,28 

1,75 

—  1,62 

—  3,70 

0,00 

—  0.13 

—  0,08 

0,76 

0,58 

0,64 

—  0,61 

—  4,26 

—  4,66 

0,07 
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ghton  (i)  and  by  Budyxo  (8),  (9),  (10)  one  can  see  that  in  some 
regions  water  vapor  contributes  more  than  0,30  of  the  meridional 
heat  flux  required  to  maintain  the  radiative  balance. 

The  total  transport  of  latent  energy  can  be  accomplished  by 
the  mean  circulations  and  by  the  large  transient  and  standing  per¬ 
turbations  of  the  general  circulation  (11).  In  order  to  find  the  relative 
contribution  of  the  various  processes,  the  transport  components  qu 
and  qv  at  a  given  isobaric  level  may  be  expanded  according  to  the 
generalised  Reynolds  scheme: 

[$«]  “  [?]  [»]  +  [?*  «*]  -f  (12) 

[qv\  —  [ q 3  L«1  +  C q *  sT*l  +  [gV]  (13) 

Thus  we  may  write  for  the  components  of  the  mean  zonal  and 
meridional  total  latent  heat  transports,  respectivelly,  the  following 
expressions: 


L  [0x3  =L  rl  Clql  [5]  dp  +L  ri  ffq'u*}  dp+L^  dp 

Jo  Jo  Jo 

rp«  rpo  /'po 

L[ Qj-Lr1  {qKv]dp  +  LS-'\  [  fffidp 

Jo  Jo  Jo 


(14) 

(15) 


The  terms  of  these  equations  are  associated  with  the  mean 
advection  of  latent  heat  (["</]  [«])  and  with  the  mean  meridional  cir¬ 
culation  ([^]  [t7]);  with  the  standing  large  scale  horizontal  eddies 
([<7*  «*];  [q*  5*])  and  finally  with  transient  horizontal  eddies  ([?'«']); 

In  the  study  of  the  atmosphere  and  the  earth’s  energy  budgets 
the  meridional  transport  L  Qv  plays  a  much  more  important  role 
than  the  zonal  transport  L  Therefore  we  will  discuss  in  detail  the 
behaviour  of  all  the  components  of  the  meridional  transport,  L  Q9, 
and  its  latitudinal  distribution. 

The  zonally  averaged  values  of  the  mean  total  moist  latent  energy 
transport  across  latitude  circles,  [L  Q9],  for  the  Northern  hemis¬ 
phere  are  given  in  table  I.  The  vertical  distribution  of  the  zonally 
averaged  values  of  meridional  transport  of  latent  energy  at  various 
latitudes  is  presented  in  table  n.  The  extreme  northward  and  south¬ 
ward  values  occur  in  the  low  troposphere  in  the  layer  1000/850  mb. 
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TABLE  II 


Zonaltg  outraged  oolites  of  mean  meridional  transport  of  latent  energy  sr*[f  o]  in  unite 
of  cat t(mb.  cm.  tec.)  for  yearly  data  at  specified  latitudes.  The  leasts  are  gioen  in  millibars. 


latitude 

70* 

«0* 

60* 

4S* 

40* 

*#» 

10* 

i 

0* 

1000  mb 

6,02 

18,06 

36,12 

41,54 

32,51 

—  9,63 

—  78,45 

—  38,53 

6,02 

Sad 

—  2,41 

15,65 

36,53 

39,  t3 

37,93 

4,21 

—  17,46 

—  7.22 

2,41 

700 

2,41 

15,65 

28,90 

28,90 

26,49 

1,20 

1,81 

— 14,45 

—  4,82 

500 

Jjjjg 

4,21 

6,62 

6,02 

5,42 

5,42 

3,61 

Hgg 

—  3,01 

The  meridional  transient  eddy  flux  of  moist  latent  energy, 
Lrxj'tqrv>]  dP>  as  shown  in  table  hi,  is  predominantly  positive 


TABLE  III 

Zonally  outraged  valuta  of  the  mean  total  meridional  transient  eddy  transport  of  latent 
energy  g~xL. f[q'o’]  dp,  in  units  of  10*4  callste  for  yearly  and  seasonal  data  at  specified 

latitude*. 


Latitude 

70* 

eo* 

so* 

«6* 

40* 

ao* 

20* 

to* 

0* 

Winter 

0,28 

0,85 

2,02 

1 

2,24 

2,28 

2,00 

1,43 

1,22 

0,13 

Summer 

0,46 

1,42 

2,38 

2,26 

1,97 

1,22 

1,15 

0,80 

—  0,17 

Year 

0,41 

1,30 

2,58 

2,81 

2,45 

1,74 

1,55 

0,86 

—  0,07 

(northward)  over  the  northern  hemisphere  It  shows  a  yearly  ma¬ 
ximum  which  occurs  near  47,5°N,  shifting  to  the  north  in  summer 
and  to  the  south  in  winter.  The  maximum  observed  is  clearly  asso¬ 
ciated  with  the  mean  position  of  the  polar  front,  as  to  be  expected, 
in  view  of  the  role  of  the  baroclinic  perturbations  in  the  eddy  meri¬ 
dional  transport.  The  transient  eddy  transport  varies  with  the  altitude 
and  reaches  a  maximum  in  the  middle  latitude  region  in  the  lower 
troposphere  near  the  850  mb  level  (table  iv). 
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TABLE  IV 


Zonally  outraged  values  of  the  mean  tonal  transient  eddy  transport  of  latent  energy, 
l Tli/(tfV)  dp,  in  units  of  eati(mb.  an.  see)  for  yearly  data  at  specified  latitudes- 
The  levels  are  given  in  millibars. 


«S* 

55* 

«* 

**■ 

25° 

IS* 

1000  mb 

—  1,81 

—  0,00 

—  3,01  1 

—  1,81  ^ 

+  6,02 

+  9,63 

+  4,23 

850 

+  2,41 

+  3,01 

—  4,21 

—  5,42 

+  1,81 

+  9,03 

+  7,22 

700 

+  0,00 

+  0,00 

—  4,21 

— 10,84 

—  6,02 

+  5,42 

+  13,24 

500 

+  4,21 

+  3,61 

—  2,41 

—  7,22 

—  8,43 

—  3,61 

+  1.20 

The  total  meridional  transport  of  latent  energy  associated  with 
the  standing-eddies,  L  g~%j [JjT*  «*]  dp,  (table  v)  is  always  positive 


TABLE  V 

Zonally  averaged  values  of  the  mean  total  meridional  standing  eddy  transport  of  latent 
energy  »*]  dp  in  units  of  10w  catlsec  for  yearly  and  seasonal  data  at 

speeified  latitudes. 


latitude 

T0»  | 

60* 

60* 

4 5* 

40* 

30* 

20* 

10* 

0* 

Winter 

0,05 

0,30 

0,42 

0,38 

i 

0,24 

0,46 

0,77 

0,19 

m 

Summer 

0,04 

• 

0.01 

0,06 

0,05 

0,12 

1,31 

1,73 

0,17 

0,01 

Year 

0,04  | 

0,20 

0,12 

0,10 

0,18 

0,61 

1,09 

0,14 

0,00 

(from  south)  and  in  general  presents  a  well  defined  maximum  at  20°N, 
associated  with  semi-permanent  subtropical  anticyclones  and  another 
maximum,  much  less  intense,  near  55°N  associated  with  the  semi- 
-permanent  lows  prevailing  in  this  region.  The  vertical  distribution 
of  the  meridional  standing  eddy  flux  of  latent  heat  (table  vi)  shows 
that  a  maximum  occurs  in  the  neighbourhood  of  22,5°N  at  850  mb 
and  another  around  55°N  near  the  surface.  It  is  interesting  to  point 
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TABLE  VI 

Zonally  averaged  values  of  the  mean  meridional  standing  eddy  transport  of  latent  energy , 
g^L^jj*  »•],  in  units  of  eali(mb.  cm.  see)  for  yearly  data  at  specified  latitudes. 
The  levels  are  given  in  millibars. 


Latitude 

70* 

AC® 

w* 

45® 

■ 

40* 

3G* 

stv  | 

10® 

0* 

1000  mb 

| 

+  >,81 

+  4,21 

+  3,01 

4- 1,20 

! 

4-2,41 

1 

+  4,82 

+  6,62 

+  2,41 

+  2,41 

i 

850  | 

+  L20 

+  1,81 

+  1,81 

4-  1,81 

! 

4-3,61 

+  6,02 

+  9,63 

+  3,01 

+  1,20 

700 

+  0,00 

+  2,41 

4-  1,81 

i 

+  0,60 

| 

4- 1,20 

+  2,41 

+  4,82 

+  3,01 

+  0,00 

500 

+  0,60 

+  0,00j 

4-  0,00 

4-  0,00  j 

! 

4-  0,60 

+  1,20 

+  2,41 

+  1,20 

+  0,00 

out  that  the  lowest  values  occur  at  45°N  where  the  largest  values 
of  the  transient  eddy  transport  of  latent  heat  are  observed. 

The  latitudinal  distribution  of  the  total  eddy  meridional  flux 
(table  vti)  presents  a  bimodal  distribution,  resulting  from  the 

TABLE  VII 


Zonally  aoeraged  values  of  the  mean  tolal  meridional  eddy  transport  of  latent  energy 
g~lLf{\_q‘  o' J  +  [?*  0*]}  dp,  in  units  of  1014  cal/sec  for  yearly  and  seasonal  data  at 

specified  latitudes. 


latitude  j 

70* 

60* 

50® 

45® 

40* 

30* 

20* 

10* 

0® 

Winter 

0,33 

1,15 

' 

2,44 

2,62 

2,52 

2,46 

2,20 

1,41 

0,15 

Summer 

0,50 

1,43 

2,44 

2,31 

2.09 

2,53 

2,88 

0,97 

—  0,16 

Year 

0,45 

1,50 

2,70 

2,91 

2,63 

2,35 

2,64 

1,00 

|  —  0,07 

combination  of  the  latitudinal  distribution  due  to  transient  eddies 

rt*>_ _ _  rpo_  __ 

(Let1  j  [gr'v'j  dp)  and  to  standing  eddies  (L g"1  f  [q*v'*]dp]  asso- 

dated  with  the  quasi-permanent  features  of  the  atmosphere  drculation. 

Thus,  we  can  condude  that  the  effect  of  the  standing  eddies  is 
of  greatest  significance  in  low  latitudes,  where  the  quasi-stationary 
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disturbances  are  dominant.  At  middle  latitudes  the  vigorous  tran¬ 
sient  eddies  predominate  and  the  standing  eddies  play  a  minor  role 
in  the  meridional  transport  of  energy.  However,  at  60°N  their  im¬ 
portance  increases  again,  especially  in  winter  when  semi-permanent 
lows  are  most  intense. 

The  comparison  of  the  values  of  total  meridional  transport  of 
latent  energy  and  those  of  the  total  eddy  transport  offers  the  im¬ 
portant  indirect  evidence  of  the  existence  of  the  three-cell  regime 
with  two  direct  cells  and  one  indirect  cell.  The  values  of  the  mean 
meridional  transport  of  latent  energy  by  the  mean  meridional  cir¬ 
culations  are  shown  for  comparison  in  table  i. 

The  contribution  of  the  Hadley  cell  for  the  total  southward 
transport  of  latent  heat  in  the  equatorial  region  becomes  dominant, 
whereas  the  contribution  of  the  other  two  cells  play  a  minor  role 
in  the  process,  the  eddies  being  the  major  factor  in  the  total  me¬ 
ridional  flux  of  latent  heat. 


3.3.  The  water  vafor  and  the  generation  of  total  potential  energy 

The  rate  of  non-adiabatic  heating,  Q,  due  to  conduction  and 
«  •  * 
friction,  Qf,  to  radiation,  Qx,  and  to  condensation,  Qv  will  be 

written  in  extenso  by  adding  up  the  individual  contributions  corres¬ 
ponding  to  the  different  physical  processes  that  participate  in  the 
total  heat  balance. 

We  shall  use  the  operator  <  {  )  >  to  define  the  mean  value 

of  a  quantity  within  a  zone  j  of  the  atmosphere  which  extends  from 
latitude  9,  to  latitude  9,  4-10°. 

Then,  the  mean  rate  of  heating  of  the  atmosphere  <  Q(z)  > 
is  given  by 

<  Q/  >  —  <S, (oo)  i  >  +  <G,.{0)  1 4-  >  +<1,(0)  t  >  + 

+  <C,(0)  t  >-  <S,  (0)  4  >_  <G,.(oo)  t  >  (16) 

where  <  Sf  (z)  >  and  <G,  (r)  >  are  the  intensities  of  the  solar  and 
long  wave  radiation  respectively,  and  <  2,,  (0)  t  >  and  <  C,  (0)  1  > 
are  the  latent  heat  and  sensible  heat  transport  at  the  lower  boundary 
respectively.  The  arrows  indicate  the  direction  of  the  net  flux. 

We  will  proceed  to  show  that  all  the  terms  are  influenced  direct 
or  indirectly  by  the  presence  of  water  vapor  in  the  atmosphere. 
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The  quantity  of  radiant  energy  absorbed  and  scattered  by  the 
atmosphere  at  each  point  of  the  globe,  <  Sf  (co)  4  >  —  <  S#  (0)  4  > , 

is  a  function  of  the  air  mass,  u  —  g~lJ  dp,  and  the  predpitable  water, 
W  —  g~lJ q  ip.  According  to  Houghton  this  quantity  is  given  by: 


<  Si  (co)  1  > —  <  Sf  (0)  i  >  =s  0,175  (W.u)6,ncos  v  {caljctn,xmin)  (17) 

where  v  is  the  zenith  angle  of  the  sun. 

To  show  the  dependence  of  long  wave  radiative  balance, 

<  Gj  (0)  t  4  >  —  <  Gj  (oo)  t  > ,  upon  water  vapor  content,  one  need 
only  refer  to  any  radiation  chart  (see,  for  instance,  Elsasser  radia¬ 
tion  chart). 

Studies  of  predpitable  water  content  such  as  those  published  by 
Stake,  Peixoto  and  Ceisi  (12)  have  importante  application  to  inves¬ 
tigation  of  radiation  and  heat  balance  in  the  atmosphere.  The  maps 
of  predpitable  water  may  be  used  to  find  the  spatial  distribution 
of  tune  averaged  solar  energy  absorption.  Furthermore,  from  the 
spatial  distribution  of  specific  humidity  at  different  levels,  one  can 
examine  the  three  dimensional  distribution  of  this  effect.  These  maps, 
in  conjunction  with  temperature  analyses  could  thus  be  useful  in 
the  computation  of  long  wave  absorption  and  emission  at  a  given 
point  in  the  atmosphere.  Many  specific  applications  of  infrared 
radiation  technology,  however,  require  instantaneous  information 
concerning  atmosphere  moisture. 

Eet  us  analyse  now  the  effect  of  the  clouds  in  the  disposition 
of  the  solar  radiation. 

The  planetary  albedo  has  a  mean  value  of  0.34,  with  a  minimum 
of  0.28  in  the  subtropical  regions,  which  are  relatively  devoid  of 
cloudiness,  and  a  maximum  of  0.67  in  the  polar  regions  due  to  the 
presence  of  snow  cover  (1).  Hence,  the  latitudinal  distribution  of 
solar  energy  available  for  absorption  has  a  maximum  in  the  subtro¬ 
pical  regions,  around  20°N,  as  shown  by  Budyko  et  al.  (9).  However, 
because  the  zonally  averaged  amount  of  predpitable  water  in  the 
atmosphere  is  a  monotonically  decreasing  function  of  latitude  (6) 
and  douds  are  not  important  as  absorbers  of  solar  energy,  the  atmos¬ 
pheric  absorption  does  not  show  this  maximum.  When  the  earth 
and  atmosphere  are  taken  as  a  system,  the  subtropical  maximum  is 
still  evident,  though  it  is  suppressed  by  the  effects  mentioned  above. 
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In  order  to  obtain  the  distribution  of  <  Lf  (0)  f  >  one  can 
combine  the  values  <P  —  E  >  as  obtained  by  various  authors  (12) 
with  values  of  evaporation  <  E  > ,  such  as  those  given  by  Bu* 
dyko  et  al.  (8),  (9),  so  as  to  obtain  the  distribution  of  <  P  >  (*).  The 
latter,  when  multiplied  by  the  proper  constant,  yields  <  (0)  f  >  . 

The  values  of  <  P  — •  E  >  can  be  obtained  from  the  divergence  of 
the  water  vapor  transport  field  Q,  as  has  been  discussed  on  several 
occasions  (4),  (12), 

In  fact  for  a  unit  column  of  air  extending  from  the  earth’s  sur¬ 
face  (pressure  p,)  to  the  top  of  the  atmosphere  (pressure  p  —  0), 
the  water  vapor  balance  equation  can  be  written: 

+  (18) 


where  represents  the  net  source  of  water  substance  in  the  atmos¬ 
pheric  column.  The  source  and  sinks  of  water  vapor  in  the  atmosphere 
are  due  primarly  to  evaporation  E  from  the  surface  of  the  earth 
and  co  precipitation  P.  For  all  pratical  purpose  Sf  is  given  by  the 
excess  of  evaporation  over  precipitation,  E  —  P.  Thus  taking  the 
time  average  for  the  given  time  period  (one  year),  the  equation  for 
atmospheric  water  vapor  balance  becomes: 


1 


a  cos  9 1  d\ 


(19) 


dW 


because  for  this  time  interval  — 1-  may  be  taken  as  zero. 

dt 


The  values  of  the  water  vapor  transport  field  Q  —  (Qx  *  +  QvJ) 
have  been  discussed  and  computed  (4),  (6),  (7)  and  the  analysis  of 


(*)  At  this  point  one  might  raise  the  objections  that,  since  the  author 
consulted  the  work  of  Budyko  to  obtain  values  of  <  £  >,  why  did  he  not 
use  the  same  source  to  obtain  values  of  <  p  >  directly,  instead  of  going 
through  the  rather  Involved  procedure  described  above.  Justification  for  the 
procedure  used  rests  on  the  fact  that  evaporation  is  a  smoother  function  of 
space  and  time  (almost  monotonically  decreasing  function  of  latitude)  than 
is  precipitation  and  hence  the  former  is  more  adaptable  to  the  averaging 
techniques  used  in  this  type  of  study. 
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the  distribution  of  the  mean  total  horizontal  divergence,  \  .  Q,  for 
the  years  of  1950  and  1968  have  been  already  studied  (12),  (14),  (15). 
The  analysis  of  v  •  Q  show  the  existence  of  divergence  centers  alter¬ 
nating  with  convergence  centers  and  exhibit  considerable  detail. 

The  divergence  by  ten  degree  latitude  belts  has  been  com¬ 
puted  (12),  using  the  expression: 

<v  Q>— — - — -T-  Q9 cos 9 dx  »  <  I3Tp>  (20) 

a  cos  9  dip  J  w  v  ' 

The  zonal  values  show  a  strong  meridional  variation  with  ne¬ 
gative  values  (E  —  P  <  0)  in  the  equatorial  and  middle  latitude 
regions  and  with  positive  values  (E  —  P  >  0)  in  the  subtropical 
latitudes,  where  the  divergence  field  shows  a  belt  of  maximum^ 
From  the  previous  relation  it  is  obvious  that,  over  long  periods,  eva¬ 
poration  must  exceed  precipitation  in  these  regions. 

Thus  the  subtropical  regions  always  act  as  a  source  of  moisture 
for  the  atmosphere  as  a  whole,  while  the  equatorial,  middle  and 
high  latitude  regions  act  primarly  as  sinks. 


3.4.  The  hydrologic  cycle  in  the  global  energetics  of  the  atmosphere 

Now  let  us  consider  the  expression  of  the  rate  of  non-adiabatic 
heating  and  the  latitUv  :nal  variation  of  its  various  components. 

The  values  of  <  Sf  (oo)  j  > — <  St  (0)  |  > ,  which  measure  the 
rate  of  absorption  of  solar  energy  by  the  atmosphere  and  the  values 
of  the  longwave  radiation  emitted  by  the  earth  and  the  atmosphere 
<  Of  (co)  f  >  were  gruperted  and  discussed  by  Houghton  (1).  Both 
are  slowly  varying  functions  of  latitude.  The  difference  between  these 
quantities  {  <  (S}-  (co )  4  >  — <  (0)  ;  )  >— -<  Gf  (oo)  f  >  }  which 
appears  in  equation  (16)  is  still  more  uniform. 

According  to  Budyko  <  Ct  (0)  f  >  is  always  positive,  smaller 
than  any  of  the  other  terms  in  (16),  and  slowly  varying  with  latitude; 
also  Budyko’s  given  values  of  <Gj  (0)  f  |  >  are  practically  constant 
with  respect  to  latitude  (8),  (9).  In  contrast  to  these  slowly  varying 
functions,  the  values  of  <  Lj  (0)  t  >  determined  by  the  latitudinal 
distribution  of  precipitation  have  a  much  more  prommeed  latitudinal 
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variation  with  a  maximum  over  equatorial  regions,  a  secondary 
maximum  over  high  latitudes  and  minima  over  polar  and  subtropical 
regions  (14),  (15). 

Hence  we  conclude  that  the  latitudinal  distribution  input  of 
energy  into  the  atmosphere  through  non-adiabatic  heating  which  is 
the  generation  source  for  all  the  potential  energy  and  responsable 
for  the  maintenance  of  atmospheric  motions  against  dissipation  is 
essentially  modulated  by  the  function  SFfo)  sa  <  Lf  (0)  |  >  as  can 
be  inferred  from  the  inspection  of  equation  (16).  Thus  the  hydrolo¬ 
gical  cycle  has  a  profound  influence  upon  the  energetics  of  the  general 
circulation  of  the  atmosphere. 

In  the  eoapQratian-condensjtion-precipiiatiem  cycle,  virtually  all 
evaporation  takes  place  at  the  surface  of  the  earth,  and  therefore  the 
cooling  involved  in  the  process  does  not  directly  affect  the  atmosphere 
and  does  not  affect  the  generation  of  available  potential  energy. 
On  the  other  hand,  condensation  occurs  principally  within  the  atmos¬ 
phere,  where  the  release  of  latent  heat  has  a  direct  influence. 

Virtually  all  the  condensate  will  eventually  reach  the  ground 
in  the  form  of  precipitation  but  there  may,  of  course,  be  further 
transports  before  this  occurs.  However,  it  is  well  established  that 
the  transport  of  water  in  the  vapor  phase  far  exceeds  that  in  the 
liquid  and  solid  phases  in  the  atmosphere  (6).  This  fact  justifies  the 
assumption,  used  in  the  present  discussion,  that  precipitation  is 
a  measure  of  condensation.  Precipitation,  surface  drainage  and  runoff 
complete  the  mass  cycle,  but  are  unimportant  as  far  as  the  energetics 
of  the  atmosphere  are  concerned.  Viewing  the  cycle  as  a  whole,  we 
see  that  it  produces  a  net  transfer  of  heat  from  the  earth's  surface 
to  the  atmosphere  where  it  modulates  the  total  meridional  input 
of  energy. 

An  assessment  of  the  importance  of  the  hydrological  cycle  in  the 
energetics  of  the  atmosphere  requires  the  knowledge  of  geographical 
distribution  of  condensation,  but  not  that  of  evaporation. 

Since  the  hypothesis  of  evaporation-precipitation  in  situ  cannot 
be  accepted  there  must  also  be  a  transfer  of  heat  from  one  geogra¬ 
phical  location  to  another  and  from  one  level  to  another.  Thus  we 
see  that  this  cycle  plays  a  part  in  regulating  the  temperature  dis¬ 
tribution  of  the  earth's  surface  and  atmosphere.  Moreover,  the  trans¬ 
port  of  energy  in  the  form  of  latent  heat  can  be  looked  upon  as 
a  mechanism  which  the  general  circulation  uses  to  adjust  itself  to 
the  heterogeneous  boundary  conditions  imposed  by  the  differential 
absorption  of  solar  energy. 
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The  water  cycle,  from  the  point  of  view  of  mass  and  its  impli¬ 
cations  cn  the  field  of  hydrology  has  been  discussed  elsewhere  (11), 
(12),  (15). 

4.  THE  MAINTENANCE  OF  THE  MEAN  AND  EDDY  CIR¬ 
CULATIONS  IN  THE  ATMOSPHERE 

4.1.  Available  potential  energy  and  kinetic  energy 

The  concept  of  mean  available  potential  energy  presented  by 
LlAncxrtKS  (1903)  (16)  has  been  elaborated  and  discussed  later  by 
I/}KENZ  (1955)  (17)  who  was  able  to  express  it  in  terms  of  the  tem¬ 
perature  variance  on  an  isobaric  surface.  The  expression  of  the 
available  potential  energy  is  given  by: 

A  =  ~  cp  jy  T*3  dm  (21) 

where  y  is  the  stability  factor 


Through  an  analysis  of  variance  of  the  temperature  field  the 
available  potential  energy  A  —  ~  cp  Cy  T“*  dm  may  be  partitioned 


into  zonal  available  potential  energy  Au  and  eddy 
tential  energy  A  E 

available  po- 

—  ^4  A.  j ^ 

(22) 

where 

fr[fp  dm 

(23) 

and 

=  l  Crfr[r*+T"]  dm 

(24) 

Similarly,  through  an  analysis  of  variance  of  the  wind  field  the 
total  kinetic  energy  K  —  —Jv2  dm  may  be  partitioned  into  zona! 
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kinetic  energy,  KM,  corresponding  to  zonaily  averaged  motions  of  the 
atmosphere  and  into  eddy  kinetic  energy,  KE,  the  eddy  motions: 

K  -  Ku  +  Ke  (25) 

where: 

=  |  f{[«]“ +[»]“}  dm  (26) 

1 J 

and 

Ke  =  i  j{\P*  +  »'*]  +  [«*a  +  v*2]}  dm  (27) 

It  is  convenient  to  consider  Ku,  K£l  Au  and  As  as  separate 
forms  of  energy.  A  balance  equation  for  each  of  these  forms  can  be 
obtained  following  the  usual  and  well  known  procedure.  These  equa¬ 
tions  have  some  terms  in  common  with  opposite  signs  and  will  be 
regarded  as  conversion  functions  among  the  various  forms  of  energy  (4), 
with  the  understanding  that  we  reserve  the  term  conversion  func¬ 
tions  for  the  terms  which  express  clearly  physical  mechanisms  that 
take  part  in  the  atmosphere. 


4.2.  Balance  equations  for  the  kinetic  energy 

In  the  derivation  of  the  balance  equation  for  the  zonal  kinetic 
energy  the  equation  (1)  of  zonal  motion  is  first  multiplied  by  [m],  next 
averaged  in  time  and  finally  integrated  over  the  mass  for  a  polar 
cap  or  all  for  the  atmosphere.  The  resulting  equation,  expressing  the 
balance  between  the  various  processes  which  take  part  in  the  main¬ 
tenance  of  Km,  can  be  written  under  the  simbolic  form: 

(Km,  K„)+  C  (KU'V,KkJ+D  (K„)  +  A  (Ku)  +  W.(Km)  (28) 

where: 

a) 

C  (Ke,  Ku)  =  f[u  v)£  cos  <P  ~~  rw.1  dm- f  f[u  dm  (2S) 

J  a  o<?  Lc0S  J  op 

is  the  conversion  from  eddy  into  zonal  kinetic  energy  by  horizontal 
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and  vertical  eddies,  which  depends  upon  the  transport  of  angular 
momentum  along  the  gradient  of  angular  velocity; 


is  the  conversion  of  energy  from  the  mean  meridional  motions  into 
mean  zonal  motions  due  to  the  Coriolis  effect  in  an  Hadley  regime; 


D(Kt 


■>-/' 


[«]  [■£]  dm 


(31) 


is  the  viscous,  turbulent  and  frictional  dissipation; 


d) 


a  (Ku)  ([«] + h)  i.  M*— 


(32) 


is  the  advection  of  KM  across  the  boundary  S  by  mean  meridional 
overtumings;  and  finally: 


e) 


W.  {Ku )  j~ [«]  ([«  v]£  +  [«  «]£) 


dl, 

g 


(33) 


is  the  work  performed  on  the  volume  t  by  the  eddy  stresses  at  the 
boundary  2. 

The  balance  equation  for  the  eddy  kinetic  energy  is  derived 
following  an  analogous  procedure.  The  zonal  equation  of  motion  is 
multiplied  by  «'  4-  u*  and  the  meridional  equation  by  v'  -J-  v*.  After 
adding  them  together  and  averaging  in  time,  the  integration  in  space 
over  the  mass  of  a  polar  cap  will  lead  to  the  balance  equation: 


*Ke 

dt 


C  (Ke,  Ku)+C  (Ae,  Ke)  4-  D  (Ke)  +  A  (Kb)  + 
-f  Wt  (Ke)  +  W.  (Ke) 


(34) 


where: 


«) 

C  (Ke,  Ku)  is  the  rate  of  conversion  from  eddy  into  zonal  kinetic 
energy; 
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b) 

C  (.d^,  Ke)  is  the  rate  of  conversion  from  eddy  available  potential 
into  eddy  kinetic  energy: 


C{A&,  Ke) 


T]  +  [»•  T*J)  dm; 


(35) 


c) 


D  {K£)  is  the  dissipation  of  eddy  kinetic  energy  due  to  friction: 


D 


(K£)  =f[*  FjJ b  dm  +fiv  FJs  dm; 


(36) 


d) 

A  (Ks)  is  the  advection  of  eddy  kinetic  energy  through  the 
boundary  £  by  mean  meridional  circulations: 


A  (Ke)  f  (M  +  [«]}  .  i  {[**]*  +  [V*]E]  ~  (37) 

and 
* ) 

Wt  (Ke)  is  the  work  performed  on  the  layer  by  the  eddy  stresses 
at  the  boundaries. 

A  net  conversion  from  zonal  to  eddy  kinetic  energy  would  occur 
if  the  eddies  acted  to  transfer  angular  momentum  from  latitudes 
of  high  angular  velocity  to  those  of  low  angular  velocity  in  the 
manner  of  large  scale  viscosity.  However,  observations  indicate  that 
such  a  conversion  does  not  take  place  (18),  (20),  but  instead  eddy 
kinetic  energy  is  converted  into  zonal  kinetic  energy  and  appears 
to  be  the  main  source  for  the  maintenance  of  the  zonal  currents 
against  dissipation  by  turbulence,  by  friction,  etc. 


4.3.  Balance  equations  for  the  available  potential  energy 

The  balance  equation  for  the  available  potential  energy  can  be 
derived  from  the  equation  (6)  of  first  law  of  thermouynamics  when  it 
is  multiplied  by  y  [¥]"  where  y  is  the  stability  parameter  and  resol¬ 
ving  the  potential  temperature  into  the  various  eddy  components 
O'  =  [0]'  +8*4-  8'. 
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The  resulting  equation  after  averaged  in  time  and  next  inte¬ 
grated  in  space  for  a  polar  cap  or  for  all  the  atmosphere  and  neglec¬ 
ting  the  triple  correlations,  assumes  for  the  zonal  available  potential 
energy  the  form: 

*jf  =  ~  c  (Au,  Ae)  -  C  (Am,  Kx)  +  G  (Au)  (38) 

This  equation  expresses  that  there  is  a  balance  between  the  various 
processes: 

a)  The  conversion  C  (Au,  AE)  from  zonal  into  eddy  available 
potential  energy  by  horizontal  and  vertical  eddy  processes: 

c  (Au,  Ae)  ~  —  CpJ'y  {[t/T']  -f  fv*  f*]} 

-  cpJ y  (Tj  {R'r]  +  Rr*]}  ~  dm  (39) 

which  depends  upon  the  horizontal  and  vertical  eddy  transports  of 
sensible  heat  [tTTj£  and  [<TT]£  along  the  gradient  of  temperature. 
When  eddies  transport  sensible  heat  against  the  temperature  gradient 
(from  warm  to  cold  zones)  there  is  a  conversion  from  zonal  available 
potential  enetgy  A  u  into  eddy  available  potential  energy  A  E  in  the 
manner  of  large  scale  conductivity. 

b)  The  conversion  C(AM,KU)  from  zonal  available  potential 
energy  into  zonal  kinetic  energy  by  mean  meridional  circulations: 

c  ( Au,  Km)  =  —rJ M"  m"  dm  (40) 

c)  The  generation  G  (A  u)  of  zonal  available  potential  energy  by 
non-adiabatic  heating: 

G(AU)  Y  [T]"  [QY  dm  (41) 

The  low  latitude  regions  with  a  warm  troposphere  are  continuous¬ 
ly  heated  by  the  surplus  of  incoming  solar  radiation  over  outgoing 
terrestial  long  wave  radiation,  whereas  middle  and  high  latitude 
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regions  with  lower  temperatures  are  cooled  by  the  same  radiation 
energy  balances.  ^  ^ 

This  results  in  a  large  positive  value  of  the  covariance  [7']”  [(?]" 
and  consequently  in  a  large  generation  of  zonal  available  potential 
energy. 

The  equation  of  balance  for  the  eddy  available  potential  energy 
can  be  derived  multiplying  the  equation  of  the  first  law  of  thermo¬ 
dynamics  by  y  (8*  +  6')  where  y  is  the  static  stability  factor,  next 
averaged  with  respect  to  time  and  then  integrated  in  space.  The 
final  equation  will  be: 

dA* 

~~  «  C  {Am,  Ae)  -  C  (Ae,  Ks)  +  G  (Ae)  (42) 


where  G  [AE)  is  the  generating  function  of  eddy  available  potential 
energy  and  is  given  by 

G  (d£)  -  j Y  [TrQi  +  T*  Q •]  dm  (43) 

and  the  other  terms  have  the  previous  meaning. 

As  was  mentioned  in  §  3.1  only  a  small  part  of  the  total  potential 
energy  is  converted  i~to  kinetic  energy  in  the  atmosphere.  The  ma¬ 
ximum  possible  value  is  the  available  potential  energy.  However,  it 
may  now  be  inferred  that  the  principal  via  of  conversion  of  available 
potential  energy  to  kinetic  energy  is  a  conversion  of  eddy  available 
potential  into  eddy  kinetic  energy  accomplished  by  downward  eddy 
motions  of  cooler  air  and  upward  eddy  motion  of  warmer  air. 


4.4.  The  energy  cycle  of  the  general  circulation  in  the  troposphere 

We  are  led  to  the  following  scheme  of  the  energy  cycle  of  the 
general  circulation  in  the  troposphere.  The  net  heating  of  the  atmos¬ 
phere  in  low  latitudes  and  the  net  cooling  in  high  latitudes  result 
in  a  continual  generation  of  zonal  available  potential  energy.  The 
atmosphere  is  baroclinically  unstable  and  virtually  all  this  energy 
is  converted  into  eddy  available  potential  energy  by  the  resulting 
eddies.  Some  of  this  energy  may  be  dissipated  in  the  eddies  through 
the  combined  effects  of  radiation,  condensation,  evaporation,  the  heat 
flux  near  the  ground  and  the  heating  of  colder  portions  of  the  eddies 
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and  the  coding  of  warmer  portions;  the  remainder  is  partly  converted 
into  eddy  kinetic  energy  through  the  sinking  of  colder  air  and  the 
rising  of  warmer  air  in  the  eddies. 

Some  of  the  kinetic  energy  in  the  large  scale  eddies  is  dissipated 
in  a  cascade  regime  by  generating  smaller  and  smaller  eddies  and 
by  friction;  the  remaining  part  of  this  energy  is  converter!  into 
kinetic  energy  for  the  zonal  currents. 

Most  of  the  zonal  kinetic  energy  is  dissipated  by  turbulence  and 
by  friction;  a  small  residual  is  converted  into  zonal  available  potential 
energy  again  by  an  indirect  meridional  circulation  and  this  brings 
back  to  the  beginning  of  the  cycle.  Schematically  we  accept  that 
the  energy  cycle  in  the  troposphere  proceeds  from  Au  to  Ku,  through 
the  following  scheme: 

Am  *■  Ae  — vKb  *Ku  -*•  Au 


It  therefore  appears  that  eddies  play  a  crucial  role  in  regulating 
the  general  circulation.  It  is  this  very  basic  fact  that  has  laid  down 
the  foundation  for  the  modem  concepts  on  general  circulation  and 
has  changed  all  the  perspective  of  the  dynamics  of  the  atmosphere 
(Stabs,  1958)  (20). 


5.  THE  WATER  VAPOR  AND  THE  ENERGY  CYCLE  OF 
THE  GENERAL  CIRCULATION 


5.1.  Availability  in  a  moist  atmosphere 

The  formulation  of  the  energy  cycle,  as  has  been  presented, 
does  not  incorporate  directly  the  water  component  in  the  atmosphere. 
The  fundamental  reason  lays  in  the  difficulty  in  defining  a  reference 
state  for  such  complex  system  as  the  moist  atmosphere;  the 
specification  of  the  reference  state  is  essential  for  the  assessment 
of  the  availability  of  the  energy'  of  a  system.  The  reference  state 
has  to  be  a  dead  state,  inert  for  any  thermodynamical  transformation, 
characterized  by  the  most  stable  state  of  thermodynamical  equili¬ 
brium,  without  local  contrast  in  entropy,  suposed  to  have  the  ma¬ 
ximum  possible  value  compatible  with  the  constraints  imposed  to 
the  total  system,  and  so  with  a  minimum  total  potential  energy. 
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The  availability  measures  the  maximum  va  e  of  the  useful 
work,  Wu,  corresponding  to  a  state  of  a  subsystem  within  an  ideal 
atmosphere  in  a  dead  state  and  is  denoted  by  A.  Thus: 

A  (44) 

It  follows  that  for  any  state  of  any  atmospheric  subsystem  in  the 
ideal  dead  atmosphere 


A  >  0  . 

For  the  most  stable  state  of  the  subsystem,  which  is  then  a  dead  state. 


A  =  0 


which  corresponds  to  the  identification  of  the  subsystem  with  the 
ideal  atmosphere.  For  a  finite  change  from  the  subsystem  in  state 
a  to  the  subsystem  in  state  b 


Wu  =  f  dW  <  —  fd$ 

(45) 

Jn  J* 

Wu<<t>l  —  =  A  A® 

(46) 

It  follows  that  it  is  impossible  to  transform  into  useful  work  (kinetic 
energy  of  the  atmospheric  motions)  all  the  variation  of  the  availa¬ 
bility  when  the  subsystem  undergoes  any  transformation  that  brings 
it  from  a  thermodynamic  state  to  another. 

The  behaviour  of  the  water  component  in  the  atmosphere  makes 
it  very  difficult  to  define  a  «dead  state*  for  the  moist  atmosphere. 
With  the  possible  changes  of  phase  there  is  a  mass  transfer  from 
one  phase  to  another  within  the  atmospheric  subsystem  and  eventually 
a  transfer  of  mass  out  of  the  total  system  (the  atmosphere)  through 
precipitation.  The  atmosphere  is  an  open  system  for  the  water  com¬ 
ponent  and,  furthermore,  its  content  in  water  vapor  is  not  even  statis¬ 
tically  constant.  All  these  processes  and  transformations  alter  profoundly 
the  time  and  the  spatial  distribution  of  energy  and  entropy  within 
the  system  and  makes  it  extremely  difficult  to  define  and  to  find 
the  balance  of  those  quantities.  Thus,  any  model  of  reference  state 
for  this  system  so  complex  has  to  be  highly  idealized  and  restrictive, 
involving  rather  gross  simplifications  and  limitations  when  compared 
with  the  real  moist  atmosphere. 
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A  possible  reference  state  for  a  moist  monophasic  and  trivariant 
atmosphere,  useful  perhaps  under  very  simple  conditions,  would  be 
that  corresponding  to  an  ideal  atmosphere  with  a  minimum  total 
moist  potential  energy  and  with  uniform  isobaric  distributions  of 
temperature,  entropy  and  moisture  content,  as  given,  for  example, 
by  the  corresponding  isobaric  averaged,  values. 


5.2.  Effects  of  water  vapor  on  the  general  circulation 

In  spite  of  the  mentioned  difficulties  in  taking  into  account 
explicitly  the  influence  of  the  water  component  in  the  present  theory 
of  the  general  circulation,  we  can  infer  some  effects  of  the  water  vapor 
on  the  energy  cycle  formulated  for  a  dry  atmosphere  and  discuss  some 
implications  due  to  the  presence  of  water  vapor  in  the  atmosphere. 

The  rate  of  generation  of  total  potential  (internal  plus  potential) 
energy  depends  upon  the  total  non-adiabatic  heating.  However,  the 
generation  of  available  potential  energy  is  determined  by  the  spatial 
distribution  of  non-adiabatic  heating  with  respect  to  the  temperature 
field.  Zonal  and  eddy  available  potential  energies  are  affected  directly 
by  the  water  vapor  through  absorption  of  solar  radiation  and  the 
processes  of  long  wave  radiation,  through  the  changes  in  the  albedo 
and,  finally,  through  condensation  and,  to  a  less  extent,  through 
evaporation. 

Let  us  consider  the  heat  energy  stored  in  the  moist  atmosphere 
due  to  water  vapor.  The  existence  of  the  energy  which  we  shall 
denote  as  moist  ^available*  potential  energy  can  play  a  part  in  the 
dynamics  of  the  atmosphere  only  if  it  is  converted  into  available 
potential  energy,  through  the  process  of  a  phase  change  (mainly 
through  condensation).  Since  the  hemispheric  distribution  of  water 
vapor  is  almost  axially  symetric  with  a  well  defined  meridional 
gradient,  there  is  in  the  atmosphere  a  large  storage  of  total  moist  zonal 
« available*  potential  energy.  The  distribution  has,  of  course,  a  non 
symetric  component,  which  suggest  the  concept  of  total  moist  eddy 
« available*  potential  energy. 

The  rate  of  generation  of  available  potential  energy,  G  (A),  is 
proportional  to  the  covariance  of  non-adiabatic  heating  and  tempe¬ 
rature.  Thus,  through  the  release  of  latent  heat  the  water  vapor  plays 
a  direct  role  in  the  production  of  zonal  and  eddy  available  potential 
energy,  G  (AM)  and  G  (A^),  as  can  be  inferred  from  their  correspond¬ 
ing  equations  (41)  and  (43). 
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It  follows  also  from  the  mathematical  expressions  of  the  conver¬ 
sion  terms  of  the  various  forms  of  energy,  as  presented  in  §  4,  that  the 
water  vapor  plays  an  indirect  role  in  the  conversion  of  the  various 
forms  of  energy  because  the  water  vapor  can  introduce  significant 
changes  in  the  »,  n,  u  and  I  and  y  fields. 

The  time  averaged  transport  of  latent  heat  by  both  transient 
and  standing  eddies  is  poleward  at  all  latitudes  as  it  is  shown  in  the 
corresponding  tables  of  §  4.  Since  the  mean  zonal  temperature  also 
decreases  poleward  (21),  (22),  this  means  that  the  eddies  must,  on 
the  average,  be  converting  latent  zonal  available  potential  energy 
into  latent  eddy  available  potential  energy,  C  (Au,  AB)  >  0.  We 
should  expect  this  effect  to  be  most  intense  in  middle  and  high 
latitudes  where  there  is  a  maximum  of  eddy  activity.  To  the  extent 
that  at  these  latitudes  condensation  occurs  predominantly  near  the 
frontal  zones  there  is  a  generation  of  eddy  available  potential  energy 
—  that  is,  some  of  the  moist  available  potential  energy  released  —  in 
the  perturbations  along  the  frontal  zone.  This  is  precisely  where 
the  conversion  of  available  potential  energy  into  kinetic  energy, 
through  baroclinic  processes,  is  taking  place. 

* 

In  fact  condensation  (QL  >  0)  in  middle  latitude  pertur¬ 
bations  occurs  generally  with  southerly  warm  ascending  currents 
(7*' >  0),  (o>  <  0)  and  evaporation  (QL  <C  0)  with  northerly  cold 

subsiding  currents  (T'  <  0),  (u>0).  Since  the  correlation  between 
« 

Ql  and  T  is  positive  there  is  a  generation  of  eddy  available  potential 
energy  with  the  release  of  latent  heat,  {  G  (4£)}c  >  0.  However,  when 
the  radiation  effects  are  considered  the  oposite  takes  place.  The  moist 
warm  air  from  south  ( T '  >  0)  in  its  movement  towards  higher  lati¬ 
tudes  is  cooled  (Qf  -f-  QR  <  0),  while  the  northerly  cold  air  (T'<  0) 
is  wanned  (QR  +  QF  >  0).  In  this  case  the  covariance  along  the 
latitude  circles  between  T  and  QR  is  negative  which  leads  to  a  des¬ 
truction  of  eddy  available  potential  energy,  {G(Ae)}r  <  0.  The  net 
value  for  G  (AE)  will  depend  upon  the  balance  of  these  oposite  effects; 
G  (Ae)  is  presumably  negative  (18),  but  it  might  happen  that  the 
release  of  latent  heat  could  alter  at  times  the  sign  of  G(AE). 

In  these  disturbances  the  covariance  between  T  and  a  is  ne¬ 
gative  ( [«  T]e  <  0)  and  there  is  a  conversion  of  eddy  available 
potential  energy  into  eddy  kinetic  energy,  C  ( ABKE }  >0.  The  con¬ 
densation  process  reinforces  the  vertical  motion  field  by  heating 
warm  rising  air,  thus  augmenting  the  rate  of  generation  of  eddy 

Portgal.  Phys.  —  Vol.  4,  fasc.  2,  pp.  135-170,  1965  —  Lisboa 


-581- 


PFJXOTO,  I.  P.  —  On  the  role  of  water  vapor  In  the  energetics... 

kinetic  energy  by  baroclinic  processes.  Aueeet  (23)  has  shown  the 
importance  of  this  effect. 

It  is  also  interesting  to  point  out  that,  since  the  large-scale  con¬ 
densation  and  evaporation  processes  are  accompanied  simultaneously 
by  rising  of  warm  air  and  sinking  of  cold  air,  respectively,  the  available 
energy  so  generated  is  not  exposed  to  the  dissipation  through  long  wave 
radiation  as  it  would  happen,  with  the  potential  energy  generated 
by  the  transport  of  sensible  heat.  Probably  the  efficiency  of  the 
conversion  of  available  potential  energy  generated  through  the  release 
of  latent  heat  into  kinetic  energy  is  very  high. 

The  strong  precipitation  observed  in  equatorial  regions  due  to 
the  Hadley  cell  contributes  decisively  to  the  production  of  zonal 
available  potential  energy  because  the  release  of  latent  heat  occurs 
in  regions  where  the  temperature  is  already  higher  than  average  and 
almost  zonally  uniform  [[T]“  [(JJ"  >0).  It  might  appear,  at  first 
glance,  that  the  secondary'  maximum  in  the  curve  of  <  Z.,(0)  t  > 

at  high  latitudes  is  associated  with  the  destruction  of  zonal  available 
potential  energy,  because  heating  is  taking  place  in  a  region  where  the 
zonally  averaged  temperature  is  relatively  lower.  However,  in  this 
case,  the  zonally  averaged  picture  is  misleading,  for,  as  we  have  seen 
above,  the  heating  due  to  the  release  of  latent  heat  at  these  latitudes 
occurs  selectively  in  the  warm  air  giving  rise,  de  facto,  to  the  gene¬ 
ration  of  eddy  available  potential  energy,  G  (A)E  >  0.  When  we  take 
the  zonal  average  of  the  rate  of  generation  of  available  potential 
energy,  we  find,  in  fact,  that  there  is  a  relative  maximum  in  these 
latitudes. 

Let  us  consider  still  another  aspect  of  the  energy  cycle  where  the 
effects  of  water  vapor  must  be  taken  into  account.  All  energy  conver¬ 
sion  processes  involving  available  potential  energy  are  dependent  upon 
static  stability.  We  note  that  static  stability  occurs  in  the  denomi¬ 
nators  of  equations  (21),  (23),  (24),  (39),  (41),  (43).  The  direction  of 
conversion  between  available  potential  energy  and  kinetic  energy 
depends  upon  the  sign  of  this  term,  and  the  rate  depends  upon  its 
numerical  value,  all  other  things  being  considered  constant.  If,  ini¬ 
tially,  the  reaction  proceeded  so  as  to  generate  kinetic  energy,  then 
eventually,  the  rising  of  warm  air  and  sinking  of  cold  air  involved 
in  the  process,  if  unopposed  by  other  factors,  would  stabilize  the 
atmosphere,  thus  bringing  the  reaction  to  a  halt.  However,  the  release 
of  latent  heat  alters  this  situation  in  the  following  manner.  The 
condensation  process  occurs  mainly  near  the  TOO  mb  level,  which  is 
below  the  level  of  maximum  rate  of  energy  conversion.  Hence,  the 
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release  of  latent  heat  destabilises  the  atmosphere  in  the  regions  where 
kinetic  energy  is  being  generated,  thus  contributing  to  the  perpe¬ 
tuation  of  the  conversion  processes,  because  the  dominant  baroclinic 
waves  become  more  unstable  and  the  release  of  latent  heat  leads 
to  an  acceleration  of  their  growth. 

The  adiabatic  lapse  rate  that  figures  in  the  stability  para¬ 
meter  y  in  various  equations  is  applicable  only  in  an  unsaturated 
environment.  In  a  saturated  atmosphere  it  must  be  replaced  by  F„ 
if  the  pseudo-adiabatic  assumption  is  to  be  used.  Hence,  in  a  satu¬ 
rated  atmosphere  the  rate  of  energy  generation  and  conversion  will 
have  to  be  adjusted  by  the  factor: 

r,  (r  —  v4) 

(r-rj 


5.3.  Heating  of  the  atmosphere  due  to  condensation 

A  possible  functional  representation  for  QL  can  be  obtained  from 
the  balance  equation  for  the  water  component.  At  a  given 
isobaric  level  p,  the  rate  of  heating,  pQL,  due  to  the  condensation 
of  dq  grams  of  water  vapor  is  given  by: 

•  da 

(«) 

Using  the  water  vapor  continuity  equation  we  can  write  the  previous 
equation,  averaging  in  time: 

l<8) 

This  equation  transformed  with  the  equation  of  continuity  can  be 
written  as  follows: 

>^=-L{^+lT,+lf)  (49> 

We  should  also  include  in  this  equation  the  vertical  eddy  difusion 
due  to  small  scale  turbulence.  However,  in  large  scale  processes  this 
effect  can  be  neglected. 
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The  vertical  integration  of  this  equation  leads  to  the  equation 
of  the  divergence  of  total  water  vapor  transport  referred  in  the 
previous  paragraph: 


L  div . 


Q 


(50) 


because  the  contribution  of  the  terms  in  ta  and  q,  due  to  the  boundary- 
conditions  is  zero. 

The  analysis  of  the  divergence  of  water  vapor  transport,  propor¬ 
tional  to  the  heating  associated  with  the  release  of  latent  heat,  shows 
centers  of  convergence  ( div  .  Q  <  0)  alteming  with  centers  of  divergence 
( div  .  Q  >■  0)  over  all  the  northern  hemisphere  (12).  Therefore  the  spa¬ 
tial  distribution  the  beating  of  the  atmosphere  due  to  the  release  of 
latent  heat  is  not  uniform.  This  illustrates  the  need  for  considering, 
in  all  problems  involving  the  generation  of  available  potential  energy, 
the  actual  spatial  covariance  of  the  divergence  of  water  vapor  and 
temperature,  rather  than  the  covariance  of  the  zonally  averaged 
values  of  the  respective  fields. 

With  the  usual  Reynolds  expansion  equation  (49)  will  assume 
the  form: 


+  V  •  q'  y'  + 


_  d  u>  a 

-f  V  •  q*  H - — - 

dp 


) 


(51) 


In  a  (X,  <p,  p,  t)  coordinate  system  this  equation  is  written: 
pQl  =  ~L 


(i) 


■L&—L 


dt 


1  /d  q  ^  dqvcosy  ^  daq  \ 

a  cosy  \  dx  d?  ^p  J 

dq‘v'  d  < 

d  f 


L  ( -2-  +  + 

a  cos  <g  \  a 

1  /d«V 

— —  ( cos  *  + 

a  cos  9  l  o  x 


if  ) 

1  /  d  —  .  d  —  .  d - \ 

—  L - f  — —  u  q  -f-  -t—  q  v  cos  9  -} — —  <*>  q  ) 

a  cos  9  ^  d  X  H  d  9  ’  df  ’  J 


(52) 


In  the  long  time  average  the  local  change  — is  very  small  and  can 

dt 

be  disregarded  in  comparison  with  the  other  terms.  All  the  other 

terms,  except and  can  be  computed  from  hemispheric 
dp  dp 

humidity  charts  such  as  those  already  published  (6). 
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The  local  values  of  the  divergence  associated  with  the  transport 
of  water  vapor  by  the  transient  and  standing  eddies,  v  •  q'v' .  and 
V  •  q  v  are  of  the  same  order  of  magnitude.  However,  the  mass  integral 
for  all  the  atmosphere  gives  in  general  higher  values  for  the  divergence 
associated  with  the  standing  eddies  (y  .  q*  y*)  than  those  associated 
■with  the  divergence  of  transient  eddies  (y .  q'  v').  The  values  of  the 
divergence,  y  .  qv,  decrease  rapidly  with  the  altitude  because  ~q  be- 
eames  very  small  as  the  height  incrases.  The  values  of  v  -  q’V'  decrease 
also  with  height,  with  a  maximum  at  350  mb  level. 

The  evaluation  of  the  vertical  divergence  given  by  the  terms 


dtf' 


-and. 


depends  on  the  knowledge  of  the  <*-fieId  at  various 


$P  dp 

levels.  The  values  of  &>  could  be  obtained  from  the  observations  using 
the  method  suggested  by  Barnes  (24).  For  a  given  layer  of  the 
atmosphere  the  vertical  divergence  of  water  vapor  may  have  values 
comparable  to  those  of  the  horizontal  divergence  (and  perhaps  of 
oposite  sign).  However,  for  all  the  atmosphere,  since  the  integration 
has  to  be  done  in  p,  the  horizontal  divergence  field  will  predominate 
in  view  of  the  boundary  values  of  y  and  <a  at  the  bottom  and  at  the 
top  of  the  atmosphere. 


5.4.  Generation  of  available  potential  energy  due  to  release  of  latent 
heat 

Since  the  effects  of  water  vapor  are  so  complex  we  shall  only 
discuss  here  the  effects  of  phase  changes  of  water  vapor  in  the 
atmosphere.  Simultaneously  a  method  for  computing  the  rate  of 
generation  of  available  potential  energy  due  to  release  of  latent  heat 
wil  be  presented. 

The  generation  of  available  potential  energy  due  to  the  release 

•  a 

of  latent  heat  is  obtained  substituing  Q  by  the  value  of  QL,  as  given 
by  equation  (51),  in  the  expressions  (41)  and  (43): 

G{A„)  =JT[r]'[<?r  dm 

G  (Ae)  = fr  [T~Q'  +  T*  Q *]  dm 

The  rate  of  generation  of  zonal  available  potential  energy  due 
to  the  release  of  latent  heat  is  therefore: 
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G(Am)l^~-lJv  [T r  dm-Ljr  [fr  9  .  IqT]  dm  - 

-Lfy[T}‘tk?Zdm  (53) 

The  rate  of  generation  of  eddy  available  potential  energy  will 
be  given  by: 

£  {AE)t~  ~~L Jy [r  -j|]  dm-L  j y  [r'v^vj'j  dm  - 

-  lKfW\  ]  *■- 

—  L  fy  [T*  V  •  <?v*]  dm — L  fyl  r*  1  dm  (54) 


For  computation  purposes  it  is  more  convenient  to  write  the 
expressions  of  G(AM)L  and  of  G{AE)L  in  the  (x,  ip,  f,  t)  coordinate 
system  as  we  did  above. 

In  principle  all  the  terms  of  G  (AU)L  and  of  G  {AE)L  due  to  the 
release  of  latent  heat  could  be  computed  by  using  time  series  of 
spatial  isobaric  distributions  (charts)  of  the  fields  of  T ,  q  and  of 
qv  =a(q  u  I  4-  ?  u  j  +  y  fc) .  Through  the  analysis  of  these  charts 
with  a  suitable  grid  point  the  calculations  could  be  made  using  the 
standard  finite  differences  method. 

In  longe  time  average  the  local  change  is  very  small  and 

d  t 

can  be  neglected.  However,  for  short  time  intervals,  it  may  become 
significant,  and  cannot  be  disregarded  in  the  evaluation  of  the 
covariances. 

The  contribution  of  the  terms  j^!T ar>d  j~7*  j 

for  all  the  atmosphere  is  proportional  to  the  difference  of  the  surface 
covariances  of  qZ  and  T  over  the  boundary  surfaces  and  S4  of 
the  atmosphere.  In  fact  we  may  write  for  the  last  term: 


d  (gg) 
dp 


*P  J 


(55) 


The  second  term  on  the  right  hand  side  may  be  neglected  because 
we  accept  as  a  good  approximation  that 
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dT  S3. 

dp  dp 


(58) 


For  all  the  atmosphere,  since  dm  =  g~l  dp  dt,  the  resulting  contri¬ 
bution  will  be: 

“  g"1  fj ^  IT*  »q*]  d^-g-'j [T* «?*}  d  £,  (57) 

The  values  of  these  covariances  are  presumably  very  small  in  view 
of  the  boundary  conditions  at  the  bottom  and  at  the  top  of  the 
atmosphere  for  both  quantities  q  and  u>. 

It  is  expected  that  this  suggested  method  for  eomputating 
G  (Ae)l  will  lead  to  good  estimates  of  the  rate  of  generation  of  eddy 
available  potential  energy  in  extratropical  regions  due  to  release  of 
latent  heat.  In  low  latitudes  the  estimates  are  not  so  good,  because 
the  mesoscale  phenomena,  so  important  for  the  vertical  transport  of 
water  vapor  in  this  region,  have  not  been  taken  into  account. 


8 


6.  FINAL  COMMENTS 

We  have  seen  that  water  vapor  plays  a  vital  role  in  the  ener¬ 
getics  of  the  general  circulation.  It  is  the  most  important  absorber 
of  solar  energy  in  the  atmosphere,  and  hence,  its  distribution  influences 
the  form  of  the  energy  input  into  the  system.  The  release  of  latent 
heat  constitutes  another  important  energy  input.  Through  this  process 
the  water  vapor  distribution  significantly  influences  the  motions,  and 
motions,  in  turn,  deform  the  water  field.  This  complex  feedback 
mechanism  constitutes  what  is  probably  the  most  important  non- 
-adiabatic  effect  in  the  general  circulation. 

To  illustrate  its  importance  let  us  consider  the  highly  simplified 
situation  where  a  mean  meridional  cell  has  formed  in  response  to 
the  temperature  difference  between  the  air  at  two  latitudes.  Let  us 
examine  what  happens  if  there  is  evaporation  at  the  surface  below 
the  descending  part  of  the  cell,  a  transport  of  water  vapor  by  the 
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lower  branch,  and  preeipitatioi  in  the  area  of  ascent.  In  a  crude 
qualitative  sense,  this  corresponds  to  the  Hadley  cell  at  low  latitudes. 
The  release  of  latent  heat  due  to  the  moisture  transport  by  the  cell 
increases  the  temperature  difference  between  the  two  latitudes,  thus 
increasing  the  strength  of  the  motions.  In  effect,  the  rising  air  is 
being  wanned  by  the  latent  heat  release,  and  is  thus  forced  to  rise 
more  rapidly.  Continuity  demands  that  the  entire  cell  be  streng¬ 
thened  by  this  effect. 

Until  recently  Lae  many  dynamical  models  which  have  been  put 
forth  in  an  attempt  to  explain  the  features  of  the  general  circulation 
have  been  formulated  for  a  dry  atmosphere.  This  approach  has  been 
necessitated  by  the  difficulties  which  arise  when  one  tries  to  describe 
analytically  the  mechanism  which  transport  water  vapor.  Very  close 
to  the  ground  {in  the  lowest  few  meters)  microscale  effects  predo¬ 
minate,  while  at  higher  levels,  mesoscale  motions  affect  the  vertical 
transports,  and  horizontal  transports  are  accomplished  predominantly 
by  macroscale  motions.  Further  complications  arise  when  one  attempts 
to  specify  the  necessary  and  sufficient  conditions  for  the  condensation 
process  to  take  place.  The  subsequent  precipitation  process  is  also 
extremely  difficult  to  describe,  even  if  a  pseudoadiabatic  process  is 
assumed.  Although  some  of  these  difficulties  have  been  dealt  with 
sucesslully  in  a  recent  model  put  iorth  by  the  staff  of  the  Geophysical 
Fluid  Dynamics  Laboratory,  of  ESSA  (Environmental  Sciences  Ser¬ 
vices  Administration),  Washington  (25),  the  understanding  of  the  role 
of  the  water  vapor  in  the  dynamics  of  the  atmosphere  has  not  yet 
reached  the  stage  where  any  single  model  can  accurately  simulate 
all  the  above  processes  (26). 
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SURVEYS  AND  SYNTHESES 


THE  PHYSICAL  BASIS  FOR  THE  GENERAL  CIRCULATION 

By  VICTOR  P.  STARR 
Massachusetts  Institute  of  Technology 


Since  time  immemorial  man  has  inescapably  observed 
the  atmosphere  in  which  he  lives  and  has  his  being. 
It  would  therefore  seem  reasonable  to  expect  that  at 
the  present  date  the  science  of  meteorology  Bhould  be 
one  of  the  most  advanced  fields  of  human  endeavor. 
Yet,  if  a  distinction  is  made  between  the  mere  collec¬ 
tion  of  descriptive  facts  of  observation  on  the  one  hand 
and  interpretative  work  which  aims  to  give  a  rational 
intellectual  understanding  of  phenomena  on  the  other, 
it  must  be  confessed  that  our  knowledge  concerning 
the  large-scale  motions  of  the  atmosphere  is  restricted 
mostly  to  the  former  category  of  information.  Thus, 
for  example,  no  one  has  as  yet  given  a  satisfactory 
rational  explanation  for  one  of  the  most  outstanding 
features  of  the  general  circulation,  namely  the  large 
belts  of  westerly  winds  in  the  temperate  latitudes  of 
each  hemisphere.  However,  it  must  be  recognised  that 
it  is  only  in  the  last  few  decades  that  anything  ap¬ 
proaching  sufficiently  complete  global  observations  for 
the  checking  of  hypotheses  regarding  the  general  circu¬ 
lation  has  become  available,  so  that  progress  at  a 
more  accelerated  pace  should  now  be  forthcoming. 

The  physiognomy  of  present-day  meteorology  bean 
much  of  the  imprint  imparted  to  it  by  the  (so  to  speak) 
accidental  way  in  which  synoptic  reporting  networks 
developed  and  grew.  In  fairly  recent  times  it  was  quite 
an  achievement  for  a  meteorologist  to  have  at  his 
command  a  network  of  reports  large  enough  to  depict 
au  entire  cyclone.  The  immediate  temptation  was  then 
to  treat  this  feature  as  an  independent  entity  and  to 
separate  it  artificially  from  its  meteorological  environ¬ 
ment  in  seeking  a  rational  explanation  for  it.  The 
cyclone  thus  became  a  phenomenon  that  existed  inde¬ 
pendently.  More  extensive  observations  now  available 
point  to  the  inadequacy  of  this  tacit  assumption.  The 
cyclone  constitutes  a  cogwheel  in  a  larger  mechanism 
and  probably  can  be  understood  only  in  relation  to 
and  not  independent  of  its  atmospheric  context. 

A  criticism  which  is  the  same  in  principle  can  be 
leveled  against  many  other  efforts  to  explain  synoptic 
structures.  Indeed  meteorology  is  replete  with  attempts 
to  formulate  ad  hoc  explanations  for  individual  details 
of  the  general  circulation  without  due  cognisance  of 
their  role  as  functioning  parts  of  a  global  scheme. 

In  the  more  recent  literature  there  are  signs  that  we 
are  outgrowing  this  restricted  point  of  view;  there  are 
indications  which  emphasise  the  essential  oneness  of 
the  atmosphere  which  must  be  studied  as  an  internally 
integrated  ami  coordinated  unit.  The  general  circula¬ 
tion  presents  a  puzzle  to  be  solved.  We  must  learn 
how  the  various  parts  fit  together  into  a  whole  if  we  are 
to  understand  it.  With  the  hemispherical  data  now  be¬ 
coming  available  and  the  clues  already  at  our  disposal 


the  avenue  to  sound  progress  is  wide  open  and,  at 
least  as  far  as  the  writer  is  concerned,  quite  inviting. 

It  is  therefore  in  the  spirit  of  appraising  our  knowl¬ 
edge  from  the  larger  point  of  view  that  this  commentary 
is  written.  Admittedly  and  intentionally  the  treatment 
reflects  the  writer’s  viewpoint  gained  through  a  number 
of  years  of  concentration  on  the  subject  under  con¬ 
sideration.  As  a  candid  personal  sidelight  it  should  be 
mentioned,  however,  that  much  of  the  material  is  in 
a  sense  a  relatively  recent  culmination  of  the  writer’s 
striving  toward  a  more  unified  and  coherent  conception 
of  the  global  circulation.  Nor  is  there  currently  any 
sign  that  this  process  has  reached  a  state  of  final  crys¬ 
tallisation.  This  paper  is  therefore  in  the  nature  of  an 
individualistic  progress  report  designed  to  portray  and 
to  share  with  others  a  certain  outlook  and  approach 
in  the  hope  that  really  substantial  and  enduring  prog¬ 
ress  may  eventually  be  attained  thereby.  Within  the 
space  of  these  pages  we  cannot  hope  to  give  anything 
approaching  an  exhaustive  exposition  of  various  topics. 
For  this  reason  only  certain  basically  important  high¬ 
lights  will  be  elaborated,  and  we  shall  rely  upon  the 
reader’s  competence  to  interpolate  various  items  of 
information  which  are  generally  available  in  the  litera¬ 
ture.  Furthermore,  the  selection  of  the  subjects  touched 
upon  is  not  one  dictated  by  an  aim  at  logical  com¬ 
pleteness,  but  rather  is  limited  to  those  aspects  which 
in  the  writer’s  mind  are  most  likely  to  be  conducive  to 
further  results  at  the  present  stage  of  development  of 
the  science. 

As  an  outstanding  problem  of  paramount  importance 
for  human  activities,  it  is  rather  astonishing  that  the 
global  circulation  of  the  atmosphere  has  not  up  to  the 
present  time  received  more  consideration  from  physical 
scientists  generally.  This  situation  is  probably  due  in 
part  to  the  lack  of  proper  observational  information  so 
necessary  for  the  successful  prosecution  of  research 
concerning  the  subject.  The  gaps  in  at  least  our  gross 
factual  information  are  currently  being  removed  rather 
rapidly,  with  the  consequence  that  questions  regarding 
the  proper  interpretation  of  the  data  begin  to  be  the 
major  issues.  We  might,  with  benefit  in  this  connection, 
digress  for  a  moment  and  compare  the  development  of 
meteorology  with  that  of  another  physical  science, 
namely  astronomy.  No  one  can  dispute  the  claims  that 
Galileo  and  Newton  created  a  new  and  orderly  con¬ 
ception  of  the  solar  system.  This  achievement  was 
necessarily  preceded  not  only  by  the  laborious  accumu¬ 
lation  of  observational  knowledge  by  Tycho  Brahe  and 
others  but  also  by  the  proper  interpretation  of  these 
data  by  Kepler  who,  it  might  be  said,  defined  in  pre¬ 
cise  terms  the  dynamic  puzzle  to  be  resolved.  In  me¬ 
teorology  we  find  ourselves  in  what  might  be  called 
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the  Kcplerian  era.  It  behooves  us  to  marshal  and  cor¬ 
relate  our  observations  into  as  precise  and  consistent 
a  scheme  as  possible  in  order  that  we  may  know  in 
sufficient  detail  what  is  to  be  explained. 

From  what  has  been  said  it  might  seem  to  the  reader 
that-  meteorology  must  still  undergo  a  rather  protracted 
period  of  development  before  results  can  be  expected  at 
the  final  fruition  of  this  process.  Although  there  is 
reason  to  expect  this  pattern  of  events  in  the  philo¬ 
sophical  aspects  of  the  subject,  it  should  not  be  for¬ 
gotten  that  the  main  practical  use  of  meteorological 
knowledge,  the  preparation  of  weather  forecasts,  is  at 
present  largely  an  empirical  procedure.  As  such,  every 
improvement  in  our  empirical  information  about  the 
atmosphere  enhances  in  some  degree  the  possibility  of 
improved  forecasts,  even  though  satisfactory  under¬ 
standing  still  remains  to  be  achieved.  Here  only  the 
intellectual  aspects  of  problems  are  touched  upon,  leav¬ 
ing  any  possible  practical  applications  for  treatment 
elsewhere. 

Following  the  general  plan  implied  in  what  has  been 
said,  let  us  begin  by  examining  how  the  general  cir¬ 
culation,  as  we  observe  it,  achieves  internal  dynamic 
consistency  in  several  important  respects.  As  will  be  seen, 
this  is  merely  the  extraction  from  data  and  interpre¬ 
tation  of  certain  information,  and  does  not  in  any  sense 
constitute  an  explanation  of  why  the  facts  are  as  they 
are  found.  In  order  to  concentrate  attention  on  the 
most  basic  processes,  let  us  first  consider  the  mean 
state,  leaving  the  temporal  fluctuations  in  the  general 
circulation  as  a  problem  of  much  greater  difficulty  to 
be  touched  upon  later. 

If  an  observer  equipped  with  suitable  instruments 
were  to  measure  the  motions  of  the  atmosphere  from 
some  extraterrestrial  vantage  point,  in  the  same  manner 
as  we  measure  the  motions  in  the  sun,  he  would  proba¬ 
bly  be  impressed  by  the  irregularities  of  the  details, 
but  at  the  same  time  he  would  discern  that  there  is  a 
pronounced  general  drift  of  the  air  from  west  to  east 
relative  to  the  earth  in  middle  latitudes,  extending 
from  the  surface  to  the  stratosphere  and  even  beyond. 
On  the  other  hand,  in  the  more  equatorial  regions  (and 
at  times  near  the  poles,  at  least  the  North  Pole)  he 
would  discern  a  drift  from  east  to  west  from  the  sur¬ 
face  to  great  heights.  This  situation  immediately  poses 
perhaps  the  most  important  problem  concerning  the 
general  circulation.  The  specific  question  involved  here 
is  how  the  belts  of  westerlies  can  maintain  their  high 
rate  of  rotation  in  the  face  of  the  retarding  effect  of 
surface  friction,  flanked  as  they  are  by  oppositely  di¬ 
rected  winds  on  at  least  their  equatorial  sides.  No 
really  satisfactory  rational  theory  for  this  state  of 
affairs  has  yet  been  given,  although  some  deductions 
can  easily  be  made  concerning  the  nature  of  certain 
aspects  of  the  mechanism  which  is  necessary  to  main¬ 
tain  these  existing  motions. 

The  retarding  effect  of  the  surface  frictional  forces 
on  the  middle-latitude  westerlies  may  be  looked  upon 
as  a  continuous  abstraction  of  absolute  angular  mo¬ 
mentum  from  the  atmosphere  in  these  regions.  Accord¬ 
ing  to  simple  principles  of  Newtonian  mechanics,  this 


drain  can  tie  compensated  only  by  an  equivalent  flow 
of  angular  momentum  into  the  westerly  belts.  Likewise 
the  surface  frictional  effect  in  the  regions  of  the  easter¬ 
lies  may  be  interpreted  as  a  flow  of  angular  momentum 
from  the  earth  into  the  atmosphere.  In  order  that  the 
angular  momentum  so  transferred  into  the  easterly 
regions  should  not  progressively  accumulate  and  de¬ 
stroy  these  wind  systems,  it  is  necessary  that  an  equiva¬ 
lent  flow  out  of  these  regions  should  exist. 

The  inescapable  conclusion  is  that  the  accounts  are 
balanced  by  a  flow  of  angular  momentum  from  the 
easterlies  in  the  more  tropical  regions  poleward  to  the 
westerly  belts  (the  polar  easterlies  are  of  relatively 
small  importance  in  this  connection).  Such  a  flow  of 
angular  momentum,  let  us  say  northward  at  the  north¬ 
ern  border  of  the  tropical  easterlies,  can  be  measured 
in  terms  of  an  equivalent  tangential  stress  acting  across 
a  vertical  surface  parallel  to  the  latitude  circle.  A  crude 
estimate  of  the  value  of  this  stress  may  be  made  from 
existing  information  concerning  the  surface  frictional 
forces  on  the  easterlies  to  the  south.1  The  result  is  of 
the  order  of  50  to  100  dynes  cm-5.  Molecular  and 
small-scale  eddy  viscosity  cannot  transmit  stresses  of 
this  magnitude  under  the  existing  conditions,  so  that 
very  large-scale  nonzonal  components  of  motion  must 
furnish  the  necessary  eddy-transfer  of  angular  momen¬ 
tum.  We  thus  come  to  the  very  pertinent  observation 
due  to  Jeffreys  [5],  namely  that  the  large  nonzonal 
components  of  motion  in  the  atmosphere  are  necessary 
for  the  maintenance  of  the  average  zonal  components. 

Most  classical  models  for  the  general  circulation  as 
well  as  some  more  recent  ones  (see  for  example  Rossby 
(9J)  have  followed  along  lines  originally  proposed  by 
Hadley  [4]  in  that  they  assume  the  existence  of  large, 
slow,  convectively  driven  closed  circulations  in  meridi¬ 
onal  planes.  The  development  of  the  mean  zonal  mo¬ 
tions  is  then  aseribed  to  the  effect  of  the  earth’s  rotation 
on  these  primary  circulations.  According  to  this  view 
the  necessary  transport  of  angular  momentum  could 
be  achieved  if,  for  example,  the  poleward  branches  of 
the  meridional  circulations  carry  more  angular  momen¬ 
tum  than  the  returning  ones  at  other  levels. 

For  several  reasons  many  modem  meteorologists  have 
come  to  view  models  of  the  Hadley  type  with  skepti¬ 
cism.  In  the  first  place,  the  warmest  regions  of  the 
atmosphere  are  not  usually  found  in  the  tropics  as 
most  schemes  of  this  kind  visualize,  but  rather  some 
distance  away  from  the  equator.  Also,  at  best  it  is 
difficult  to  account  for  the  great  extent  of  the  westerlies 
in  the  atmosphere  on  any  such  basis.  Finally,  there  is 
a  suggestion  in  the  climatological  distribution  of  pre¬ 
cipitation  and  in  the  poleward  flow  of  air  in  the  friction 
layer  for  the  existence  of  a  slow  meridional  circulation 
with  an  upward  branch  in  middle  latitudes  and  a 
downward  branch  toward  the  subtropics,  as  originally 
suggested  by  Bergeron  [2).  Such  a  “reverse”  cell  with 
equatorward  flow  aloft  would,  due  to  the  action  of 
Coriolis  forces,  tend  to  establish  east  winds  in  the 


1.  It  is  here  assumed  that  the  main  transfer  of  momentum 
takes  place  in  the  troposphere. 
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region  where  the  strongest  westerlies  are  actually  en¬ 
countered.  The  writer  rather  inclines  to  the  view  that 
although  very  small  mean  meridional  circulations  do 
perhaps  exist,  their  role  in  the  horizontal  transport  of 
angular  momentum,  at  least  in  the  middle  latitudes, 
is  overshadowed  by  the  characteristics  of  other  hori¬ 
zontal  motions.  This  is  not  in  conflict  with  the  views 
expressed  by  Jeffreys  [5}  and  is  reinforced  by  analysis 
of  data  to  be  quoted  presently. 

If  emphasis  is  placed  upon  the  horizontal  circulations 
in  transporting  angular  momentum  poleward,  by  and 
large  the  zonal  and  meridional  components  of  velocity 
should  be  correlated  at  each  level  where  such  transport 
occurs.  Evidences  of  this  correlation  are  then  to  be 
expected  in  the  detailed  structure  of  the  instantaneous 
horizontal  streamline  patterns  observed,  as  pointed  out 
by  the  writer  elsewhere  [10].  Qualitatively  these  ex¬ 
pectations  are  amply  borne  out  even  by  casual  inspec¬ 
tion  of  weather  maps.  Except  at  high  latitudes,  closed 
horizontal  circulations  usually  exhibit  a  northeast- 
southwest  elongation  (Northern  Hemisphere)  and  the 
troughs,  ridges,  and  shear  lines  show  a  tendency  to 
tilt  in  this  same  sense.  All  these  characteristics  are 
recognized  almost  instinctively  by  the  meteorologist  as 
typical  of  atmospheric  flow  patterns.  From  our  view¬ 
point  they  are  telltale  indications  of  a  poleward  flow 
of  angular  momentum.  One  may  nevertheless  ask 
whether  an  objective  quantitative  evaluation  of  the 
transport  by  this  mechanism  can  be  made  from  actual 
hemispheric  data.  For  it  is  not  sufficient  to  advance 
merely  a  qualitative  substitute  for  the  classical  hy¬ 
pothesis  without  investigating  the  potency  of  the  new 
alternative  to  produce  the  needed  effect.  A  question 
involved  here  is  whether  the  observations  we  possess 
are  extensive  enough  and  of  sufficient  accuracy.  It  is 
a  simple  matter  to  set  up  an  integral  expression  for 
this  (say)  northward  flow  of  absolute  angular  momen¬ 
tum  across  the  vertical  surface  at  a  given  latitude  after 
the  manner  of  Jeffreys,  or  to  derive  it  from  the  atmos¬ 
pheric  equations  of  motion  as  has  been  done  by  Widger 
[17J.  The  latter  author  proceeded  to  evaluate  this  flow 
of  angular  momentum  by  finite  difference  methods,  as 
follows. 

During  the  last  several  years  sufficient  observations 
of  the  free  atmosphere  have  been  made  to  allow  the 
construction  of  daily  isobaric  charts  through  most  of 
the  troposphere.  In  addition  it  is  becoming  possible  to 
obtain  fairly  complete  direct  radiowind  observations 
extending  to  great  heights  on  a  circumpolar  basis  within 
restricted  latitude  belts.  The  global  wind  distributions 
may  be  approximated  from  isobaric  charts  according  to 
the  geostrophic  wind  formula  or  may  be  taken  directly 
from  actual  wind  observations.  The  use  of  the  geo¬ 
strophic  estimates  may  introduce  certain  errors  for  the 
present  purpose.  On  the  other  hand  this  use  of  the 
geostrophic  winds  automatically  excludes  the  contri¬ 
butions  to  the  angular  momentum  transport  due  to 
mean  meridional  circulations  of  the  Hadley  type,  so 
that  an  advantage  is  gained  if  it  is  desired  to  study  other 
modes  of  such  transport.  Several  surveys  of  the  angular 
momentum  balance  have  been  made  in  the  past  few 


years  (Widger  [17),  Mint*,*  Starr  and  White  [12])  both 
from  isobaric  charts  making  use  of  the  geostrophic  ap¬ 
proximation,  and  directly  from  a  circumpolar  network 
of  actual  wind  observations.  The  survey  of  the  angular 
momentum  balance  made  by  Widger  covers  the  month 
of  January  1946  and  the  results  give  the  total  geo¬ 
strophic  transfer  by  latitudes  for  various  layere  during 
this  period  up  to  the  7.5  km  level.  In  this  study  estimates 
were  made  of  the  surface  frictional  torques.  The  investi¬ 
gation  by  Mints  covers  the  month  of  January  1949  and 
his  results  give  the  geostrophic  flux  of  angular  momen¬ 
tum  at  various  levels  up  to  100  mb.  Starr  and  White 
made  use  of  a  circumpolar  network  of  actual  wind  ob¬ 
servations  at  a  mean  latitude  of  31°N  for  a  period  of 
six  months  from  February  1949  to  August  1949  up  to 
an  elevation  of  50,000  ft.  For  various  details  of  these 
investigations  reference  must  be  made  to  the  original 
papers. 

The  computations  give  results  which  are  entirely 
reasonable,  being  quite  in  accord  with  what  would  be 
expected  on  the  basis  of  the  foregoing  discussion.  Thus 
the  total  northward  transport  increases  in  magnitude 
from  low  latitudes  to  about  30°N  as  the  surface  easterlies 
are  passed,  then  decreases  progressively  northward  as 
angular  momentum  is  removed  by  surface  frictional 
torques  acting  in  the  westerly  belt.  Nearer  to  the  pole 
the  transport  1b  reversed,  indicating  a  flow  southward 
from  the  polar  easterly  zone,  although  the  magnitudes 
involved  here  are  small  as  is  to  be  expected  from  the 
fact  that  the  torque  arm  associated  with  the  surface 
frictional  forces  is  small  in  the  polar  regions. 

The  main  transfer  across  30°N  increases  in  intensity 
with  elevation,  reaching  a  pronounced  maximum  at 
about  the  level  of  the  jet  stream.  On  the  basis  of  esti¬ 
mates  of  the  surface  torques  during  these  periods  it 
appears  that  sufficient  angular  momentum  is  trans¬ 
ported  into  the  belt  of  westerlies  to  maintain  them 
against  friction.  Let  it  be  noted,  however,  that  the  gen¬ 
eral  results  appear  to  be  in  harmony  with  the  thesis 
that  practically  all  the  neceeeary  horizontal  transfer  of 
angular  momentum  could  be  accomplished  without  recourse 
to  the  agency  of  mean  meridional  circulations.  On  the 
basiB  of  what  has  been  said,  however,  we  cannot  make 
any  statement  concerning  other  possible  functions  of 
meridional  circulations  such  as,  for  example,  the  vertical 
transport  of  angular  momentum. 

At  this  point  let  us  pause  in  order  to  take  stock  of 
what  has  been  described  and  to  see  more  clearly  how  it 
fits  into  the  plan  for  research  advanced  in  the  intro¬ 
ductory  paragraphs.  Have  we  by  this  study  of  angular- 
momentum  considerations  provided  a  theory  for  or 
achieved  a  rational  solution  for  the  problem  of  the 
distribution  of  zonal  .westerlies  and  easterlies  in  the 
atmosphere?  Not  by  a  long  way.  We  did  not  solve  the 
equations  of  motion*  nor  did  we  deal  with  radiative 


2.  "The  Geostrophic  Meridional  Flux  of  Angular  Momen¬ 
tum  for  the  Month  of  January  1949.”  Presented  at  the  109th 
national  meeting  of  the  American  Meteorological  Society, 
Jan.  29-Feb.  1, 1961,  New  York. 

3.  Actually  only  one  equation  of  motion,  namely  the  one  tor 
the  sonal  direction,  is  needed  to  treat  the  balance  of  absolute 
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processes,  which  must  ultimately  be  responsible  for  all 
air  motions  and  are  a  determining  factor  for  the  form 
of  the  general  circulation.  What  we  have  done  is  simply 
make  a  systematic  analysis  of  data  to  portray  as  clearly 
as  possible  one  important,  but  not  patently  apparent, 
attribute  of  the  general  circulation — namely,  the  angu¬ 
lar-momentum  balance.  This  study  attempts  to  show 
how  the  actual  atmosphere  attains  an  internal  consist¬ 
ency  in  one  important  respect. 

What  purpose  can  such  information  m  this  serve  in 
the  future  of  meteorological  theory?  The  answer  to 
this  query  is  obvious.  Once  the  announcement  was  made 
by  Kepler  that  planets  move  in  ellipses,  any  proposed 
dynamic  theory  of  mechanics  which  would  require  them 
to  move  in  significantly  different  paths  was  immediately 
pushed  into  the  limbo.  Likewise  for  the  atmosphere 
any  proposed  rational  theory  for  the  general  circulation 
which  significantly  contradicts  the  general  outlines  of 
the  needed  angular-momentum  balance  at  once  finds 
itself  afflicted  with  a  serious  and  perhaps  even  crucial 
drawback.  On  the  other  hand,  the  uses  of  such  informa¬ 
tion  need  not  be  purely  negative.  The  facts  might  well 
serve  as  one  guide  (among  many  others)  for  the  for¬ 
mulation  of  satisfactory  rational  schemes. 

What  has  been  described  is  not  a  very  profound  con¬ 
cept,  but  merely  a  rather  simple  consequence  of  New¬ 
ton’s  laws  of  motion  applied  to  the  atmosphere.  The 
gist  of  the  idea  was  presented  many  years  ago,  by 
Jeffreys  in  1920.  How  is  it  then  that  it  was  permitted 
to  lie  fallow  for  so  long  a  time?  Aside  from  the  lack  of 
proper  data,  a  contributing  factor  has  doubtless  been 
the  preoccupation  of  research  meteorologists  with  phe¬ 
nomena  on  a  relatively  local  scale,  this  in  turn  being 
due  to  the  limitation  of  our  mental  horizons  to  a  scale 
commensurate  with  the  daily  weather  map. 

One  might  well  venture  the  guess  that  at  present  we 
have  not  attained  even  a  measure  of  the  tasks  which 
confront  us.  And  this  statement  is  in  no  way  intended 
as  a  repetition  of  a  common  platitude.  We  have  not 
fathomed  the  profundity  of  our  subject,  let  alone  solved 
the  fundamental  problems.  In  the  years  to  come,  when 
our  knowledge  will  have  increased,  we  may  in  retro¬ 
spect  wonder  why  we  were  so  inappreciative  of  various 
gross  and  essential  attributes  of  the  general  circulation. 
It  would  therefore  be  wrong  and  dangerous  to  post  a 
sign  along  any  plausible  path  of  research  which  states 
“Thou  shalt  not  enter  here,”  seeking  thereby  to  channel 
activity  along  certain  predetermined  lines.  True  science 
tolerates  no  prohibitions,  and  in  principle  no  servile 
adherence  to  tradition.  Rather  we  must  open  up  and 
exploit  all  possible  new  channels  that  appear  reasonable 
in  order  that  we  do  not  miss  important  facts.*  It  is  in 

angular  momentum  about  the  earth’s  polar  axis.  In  effect  this 
equation  takes  on  the  form  of  a  continuity  equation  for  ab¬ 
solute  angular  momentum. 

4.  When  one  compares  the  general  nature  of  the  results  of 
research  in  meteorology  as  reported  in  our  journals  with  the 
nature  of  research  communications  in  let  us  say  chemistry, 
there  is  a  fundamental  contrast  to  be  noted.  In  our  field  there 
is  a  great  diversity  of  views  expressed  on  individual  topics. 
Often  these  views  are  in  direct  conflict.  Also  one  gains  the  im- 


this  spirit  that  the  writer  would  recommend  the  furthgjr 
exploration  of  the  essential  properties  of  the  global 
circulation  as  we  know  it  from  reservations  with  regard 
to  such  dynamic  quantities  as  angular  momentum, 
vorticity,  kinetic  energy,  heat  energy,  geopotential  en¬ 
ergy,  and  latent  heat,  so  that  we  may  find  ourselves 
in  a  more  advantageous  position  in  formulating  rational 
hypotheses. 

For  the  purpose  of  exemplifying  further  the  sugges¬ 
tions  previously  made,  let  us  consider  in  a  general  way 
their  application  to  questions  concerning  energy  in  the 
atmosphere.  Much  of  what  has  been  written  concerning 
this  subject  has  been  deficient  in  two  respects.  In  the 
first  place  investigators  have  been  prone  to  lump  to¬ 
gether  various  diverse  forms  of  energy  indiscriminately, 
thereby  losing  the  advantages  to  be  gained  from  the 
fact  that  each  form  of  energy  is  produced  from  and 
converted  to  other  forms  in  its  own  characteristic 
fashion,  permitting  individual  study.  Likewise  for  each 
form  there  exist  specific  modes  of  transfer  and  redis¬ 
tribution.  Unless  these  specific  characteristics  are  sub¬ 
ject  to  scrutiny  in  detail,  only  very  broad  generalizations 
can  be  reached,  which  lack  a  keen  enough  resolving 
power  to  yield  much  that  is  new  concerning  the  mecha¬ 
nism  of  the  atmosphere. 

In  U  second  place,  as  will  be  discussed  presently, 
the  mi  Jes  of  energy  transfer  within  the  atmosphere 
are  so  effective  that  no  feature  such  as  a  cyclone  can 
be  treated  independently  without  due  allowance  for 
exchanges  of  energy  between  it  and  the  remaining 
atmosphere.  It  is  therefore  inappropriate  to  treat  such 
a  feature  as  in  any  sense  a  closed  system.  Modem  trends 
in  the  literature  are  beginning  to  give  proper  cognizance 
to  this  circumstance,  although  much  of  the  too- 
restricted  point  of  view  is  still  prevalent.  Probably  the 
only  system  which  can  be  treated  as  a  closed  one 
(mechanically)  is  the  atmosphere  as  a  whole  and  even 
then  it  cannot  be  treated  as  closed  from  a  thermody¬ 
namic  viewpoint  because  of  radiative  exchanges  of 
energy  with  the  cosmic  environment  and  otherwise. 

Proceeding  now  to  a  discussion  of  the  kinetic  energy 
balance  of  the  atmosphere,  it  is  worthy  of  note  in  the 
first  place  to  observe  that  whereas  angular  momentum 
is  a  quantity  which  is  conserved  in  the  sense  that  no 
real  soi.  :ces  of  it  can  exist,  kinetic  energy  on  the  other 
hand  may  appear  or  disappear  because  of  transforma¬ 
tion  processes  involving  other  forms  of  energy.  In  other 
words,  the  flow  and  redistribution  processes  for  kinetic 
energy  are  not  source-free  as  is  the  case  with  absolute 
angular  momentum.  We  may  therefore  say  a  priori 
that  there  is  no  reason  to  suppose  that  there  may  not 
exist  in  the  atmosphere  preferred  source-regions  for 

pression  that  there  is  less  of  the  orderly  progressive  accumula¬ 
tion  of  knowledge.  This  phenomenon  is  doubtless  due  to  the 
fact  that  meteorology  is  in  a  far  different  stage  of  development 
as  a  science.  In  the  better  sense  of  the  word  we  are  alchemists 
still  in  the  process  of  groping  for  a  common  denominator  of 
unifying  principles.  Wo  must,  not  relax  but  rather  continue  to 
stumble  and  grope  with  more  determination.  The  writer  has 
the  immutable  belief  that  a  proper  foundation  does  exist  anil 
will  be  found. 
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atmospheric  kinetic  energy  as  well  as  preferred  regions 
for  its  disappearance  by  conversion  into  other  forms  of 
energy  through  friction  or  otherwise. 

With  the  aid  of  the  examination  and  interpretation 
of  the  fundamental  dynamical  principles  relating  to 
kinetic  energy  given  elsewhere  in  this  volume*  we  shall 
now  attempt  to  discuss  this  phase  of  the  energy  prob¬ 
lem.  In  the  reference  mentioned  there  is  presented  a 
discussion  of  the  process  whereby  kinetic  energy  is 
produced  in  the  atmosphere.  According  to  the  views 
expressed  there,  kinetic  energy  of  large-scale  motions 
can  be  generated  only  through  the  work  of  expansion 
by  pressure  forces.  Furthermore,  kinetic  energy  asso¬ 
ciated  with  horizontal  motions  can  be  generated  only 
through  work  done  by  horizontal  pressure  forces.  It  is 
thus  pointed  out  that  the  rate  at  which  horizontal 
kinetic  energy  is  generated  at  a  given  point  in  the 
atmosphere  is  equal  to  the  product  of  the  pressure  into 
the  horizontal  divergence  of  velocity.  This  carries  the 
implication  that  regions  of  horizontal  convergence  are 
hydrodynamic  sinks  for  kinetic  energy  which  act  in¬ 
dependently  of  friction. 

Speaking  next  of  the  transport  of  horizontal  kinetic 
energy,  it  has  been  shown  that  this  process  is  ac¬ 
complished  either  through  the  work  done  by  the  pres¬ 
sure  forces  in  virtue  of  the  horizontal  velocities  across 
the  boundary  or  by  the  advcction  of  sensible  kinetic 
energy.  Since  the  latter  (meridional)  transport  is  small, 
it  follows  that  the  significant  (meridional)  transport  of 
kinetic  energy  is  accomplished  through  the  work  done 
by  the  pressure  forces,  which  in  turn  is  pro-portion-1  to 
the  adveclion  of  internal  heat  energy  and  occurs  in  ad¬ 
dition  to  it.  Applying  these  ideas  to  the  transfer  of 
kinetic  energy  across  the  vertical  boundaries  of  an 
equatorial  strip  between  two  fixed  middle  latitudes 
+ $  and  —<(>,  our  general  information  would  lead  us  to 
suppose  that  there  exists  a  net  transport  of  internal 
heat  energy  and  therefore  of  kinetic  energy  poleward 
across  these  boundaries.  Estimates  from  data  tend  to 
confirm  this  supposition,  and  indeed  it  also  appears 
reasonable  from  common  synoptic  experience.  We  are 
therefore  confronted  by  the  very  important  conclusion 
that  regardless  of  the  nature  of  other  details  of  the 
atmospheric  circulations  the  more  tropical  regions  ap¬ 
pear  to  be  preferred  regions  for  kinetic-energy  genera¬ 
tion  in  that  they  not  only  produce  sufficient  kinetic 
energy  to  overcome  frictional  losses  within  these 
regions,  but  also  provide  an  excess  which  is  transferred 
to  the  polar  caps. 

Apparently  we  may  also  conclude  that  in  the  long 
run  the  more  polar  regions  must  serve  as  preferred 
regions  for  the  disappearance  of  kinetic  energy,  since 
here  the  losses  must  be  sufficiently  great  not  only  to 
offset  whatever  amounts  of  kinetic  energy  are  generated 
locally  but  also  to  absorb  the  kinetic  energy  which  is 
supplied  from  the  more  tropical  regions.  It  is  therefore 
reasonable  to  suppose  that  in  the  normal  state  of  af- 


S.  Consul  t  “Applications  of  Energy  Principles  to  the  Gen 
eral  Circulation”  by  Victor  P.  Starr,  pp.  668-574. 


fairs  in  the  atmosphere  there  are  vast  amounts  of 
kinetic  energy  generated  in  the  more  tropical  regions 
and  vast  amounts  consumed  in  the  polar  caps.  The 
existing  kinetic  energy  is  merely  a  small  difference  due 
to  the  fact  that  the  positive  generation  process  in  the 
more  tropical  regions  is  slightly  larger  than  the  losses 
in  regions  of  negative  generation  in  the  polar  caps. 

It  is  a  matter  of  interest  to  examine  the  import  of 
the  views  expressed  above  for  the  nature  of  the  secon¬ 
dary  circulations  of  the  middle  latitudes.  It  would  thus 
be  suggested  that  the  kinetic  energy  supply  for  the  main 
cyclone  belt  of  each  hemisphere  is  perhaps  provided  by 
the  poleward  flow  of  such  energy  from  more  tropical 
regions.  Furthermore  this  flow  is  measured  by  (but 
exists  in  addition  to)  the  poleward  flow  of  internal 
heat  energy.  Although  this  flux  of  energy  has  some 
average  mean  value,  there  can  be  no  doubt  that  in  its 
details  the  process  is  a  sporadic  one  with  irregularities 
both  in  time  and  in  longitude.  Each  cyclone  may  thus 
be  considered  as  producing  a  spurt  or  poleward  surge 
in  this  transport  locally  during  its  period  of  develop¬ 
ment. 

According  to  the  classical  view,  the  kinetic  energy  for 
a  developing  cyclone  is  obtained  from  the  sinking  of 
dense  masses  of  cold  air  in  the  immediate  vicinity,  so 
that  by  and  large  the  decrease  in  potential  and  internal 
energy  represents  a  corresponding  increase  in  kinetic 
energy.  From  the  present  viewpoint  the  kinetic  energy 
increase  could  equally  well  be  derived  from  a  pro¬ 
nounced  local  poleward  flow  from  the  more  tropical 
regions,  since  a  developing  cyclone  is  accompanied  by  a 
marked  increase  in  the  net  local  poleward  transfer  of 
internal  heat  energy. 

As  a  matter  of  fact  it  is  not  too  difficult  to  visualize 
the  general  outlines  of  a  certain  type  of  instability 
associated  with  a  developing  cyclone  when  viewed  in 
this  way.  For  if  it  is  granted  that  there  exists  a  supply 
of  warm  and  cold  air  in  the  vicinity,  it  may  be  that  the 
pronounced  local  surge  of  kinetic  energy  once  started 
serves  to  increase  the  intensity  of  the  cyclone  which  in 
turn  further  increases  the  flow  of  kinetic  energy  and 
the  intensity  of  the  cyclone.  The  intensification  finally 
ceases  when  complete  occlusion  takes  place  and  the 
net  heat  transport  disappears. 

In  a  recent  discussion  the  writer  [II]  has  made  an 
endeavor  to  elaborate  further  this  picture  of  the  kinetic 
energy  balance  of  the  atmosphere,  making  use  of  the 
assumption  that  mean  meridional  circulations  do  not 
play  a  significant  role  in  these  processes.  The  plausi¬ 
bility  of  this  supposition  is  supported  by  the  study  of 
the  angular  momentum  balance  outlined  earlier.  Under 
such  circumstances,  since  data  show  that  near  the  sur¬ 
face  poleward-moving  individual  air  masses  possess  a 
higher  specific  volume  than  the  equatorward-moving 
ones,  it  follows  that  there  should  exist  a  mean  horizontal 
velocity  divergence  in  the  more  tropical  regions  and  a 
mean  horizontal  velocity  convergence  in  the  polar  caps. 
This  situation  should  thus  contribute  to  a  net  pro¬ 
duction  of  kinetic  energy,  in  view  of  the  normal  mean 
meridional  distribution  of  pressure  along  horizontal 
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surfaces.*  Such  estimates  as  can  be  made  indicate  that 
this  gross  average  action  may  be  of  very  great  effec¬ 
tiveness. 

In  view  of  the  fact  that  the  correlation  of  density 
with  meridional  motion  is  most  marked  near  the  sur¬ 
face,  it  follows  that  the  mean  meridional  distribution 
of  this  divergence  and  convergent:*!  shows  greatest  con¬ 
trasts  at  low  lev  els.  This  at  once  suggests  that  the  mean 
meridional  distribution  of  net  external  heating  and  cool¬ 
ing  of  the  atmosphere  is  linked  with  the  process,  since 
the  heating  of  the  atmosphere  is  most  intense  near  the 
surface  and  much  of  the  cooling  is  accomplished  through 
surface  effects  also.  Thus  it  would  be  logical  to  suppose 
that  the  net  external  heating  in  the  more  equatorial 
latitudes  causes  a  net  horizontal  expansion,  whiie  the 
net  cooling  in  the  polar  caps  brings  about  a  net  hori¬ 
zontal  contraction,  accounts  then  being  balanced,  as 
far  as  mass  continuity  is  concerned,  by  differential 
adveetion  across  middle  latitudes. 

If  one  agrees  to  argue  on  this  basis,  a  fur-reaching 
observation  may  be  made,  subject  of  course  to  the 
correctness  of  the  premises  involved.  Earlier  in  the 
discourse  it  was  pointed  out  that  one  of  the  most 
fundamental  questions  in  meteorology  relates  to  the 
presence  of  broad  belts  of  westerlies  in  the  middle 
latitudes  of  each  hemisphere.  Speaking  now  only  of  the 
lower  levels  we  see  that  the  presence  of  the  westerlies 
coincides  with  the  requirement  that  the  regions  of  net 
external  heating  and  divergence  should  coincide  with 
regions  of  higher  pressure  along  horizontal  surfaces. 
Unless  this  situation  exists  a  net  production  of  kinetic 
energy  to  overcome  friction  would  be  impossible.  Thus, 
if  for  a  moment  we  were  to  visualize  a  hypothetical 
situation  with  mean  easterlies  in  middle  latitudes,  the 
net  heating  and  consequent  divergence  would  take 
place  at  a  relatively  low  pressure  in  the  more  tropical 
regions,  while  the  convergence  and  cooling  in  the  polar 
caps  would  take  place  at  a  relatively  high  pressure. 
Such  a  hypothetical  situation  would  then  be  rapidly 
destroyed,  since  more  kinetic  energy  would  necessarily 
disappear  in  the  polar  caps  through  convergence  than 
could  Ire  generated  in  the  more  tropical  regions  by 
heating  and  divergence. 

Although  the  net  heating  and  cooling  of  the  earth  is 
ultimately  caused  by  radiations!  exchanges  with  space, 
when  one  isolates  the  atmosphere  and  considers  the 
circumstances  in  the  winter  season  especially,  due  re¬ 
gard  has  to  be  given  to  the  strong  heating  of  the  atmos¬ 
phere  by  the  oceans  when  cold  air  masses  flow  out  over 
relatively  warm  water  surfaces.  As  has  berm  pointed 
out  by  Sverdrup  and  others  [13],  the  oceans  serve  in  a 
manner  of  speaking  as  a  hot- water  heating  system.  It 
should  thus  be  expected  that  during  winter  the  regions 
of  net  heating  for  the  atmosphere  extend  much  farther 
into  middle  latitudes  than  might  otherwise  be  supposed. 

0.  Since  variat  ions  of  pressure  along  horizontal  surfaces  are 
necessary  for  the  generation  of  a  net  amount  of  kinetic  energy 
to  overcome  friction,  it  is  indeed  reasonable  on  genera!  grounds 
to  suppose  that  the  atmosphere  behaves  in  such  a  way  as  to 
take  advantage  of  the  large  systematic  pressure  differences 
between  the  polar  and  tropical  regions. 


Since  we  have  been  speaking  of  the  meridional  trans¬ 
fer  of  internal  heat  energy,  it  is  desirable  te  mention 
also  the  effects  of  the  meridional  transfer  of  latent  heat. 
Crude  estimates  made  by  the  writer  using  such  data 
aa  are  available  indicate  that  very  considerable  amounts 
of  energy  are  transferred  poleward  by  this  means.  How¬ 
ever,  whereas  the  transport  of  internal  heat  energy' 
cannot  take  place  without  a  proportional  transport  of 
kinetic  energy,  the  meridional  transfer  of  latent  heiit 
energy'  is  not  related  to  the  kinetic  energy  in  the  same 
way.  It  is  thus  possible  to  transfer  large  amounts  of 
energy'  in  the  form  of  latent  heat  without  a  proportional 
kinetic  energy  flow  being  present.  Whereas  the  flow  of 
kinetic  energy  and  therefore  of  internal  heat  energy 
may  be  regulated  by  the  distribution  of  pressure  and 
of  divergence  and  convergence,  this  particular  limita¬ 
tion  does  not  enter  as  far  as  latent  heat  is  concerned. 
One  could  therefore  find  arguments  to  support  the  view 
that  the  transport  of  latent  heat  furnishes  a  means  for 
balancing  the  radiation  requirements  of  the  general 
circulation  which  bypasses  the  kinetic  energy  balance. 
For  if  the  portion  of  the  total  meridional  energy  flow 
represented  by  the  transfer  of  latent  heat  energy  had 
instead  to  be  transported  as  additional  internal  heat 
energy,  a  far  more  intense  flow  of  kinetic  energy  would 
also  be  necessary.  Whether  this  would  imply  a  more 
“vigorous”  general  circulation  is,  however,  a  question 
which  cannot  be  readily  dealt  with. 

The  meridional  transport  of  geopotential  energy  is 
of  course  immediately  ruled  out-  in  the  average  con¬ 
dition  discussed  here,  because  of  the  assumption  that 
mean  meridional  circulations  are  not  significant. 

In  the  discussion  mentioned  above  [11],  an  endeavor 
was  made  to  study  the  fluctuations  in  the  kinetic  energy 
balance  of  the  Northern  Hemisphere  with  the  aid  of 
5-day  mean  data  such  as  are  used  by  the  U.  S.  Weather 
Bureau  in  extended-period  forecasting.  Only  data  for 
the  colder  half  of  each  of  seven  successive  years  were 
used,  so  that  essentially  winter  conditions  were  studied. 
By  approximate  methods  a  measure  was  secured  of  the 
intensity  of  differential  adveetion  of  air  with  varying 
density  across  45°N.  This  quantity  r  is  therefore  a 
measure  of  the  net  volume  transport  northward  across 
45°N  and  hence  also  a  measure  of  the  mean  convergence 
in  the  polar  cap  and  to  some  degree  probably  a  measure 
of  the  mean  divergence  in  the  more  tropical  zones  of 
the  Northern  Hemisphere.  A  mean  for  the  layer  be¬ 
tween  sea  level  and  10,000  ft  was  used. 

It  became  immediately  apparent  that  the  quantity 
t  undergoes  large  fluctuations,  being  high  during  those 
periods  which  are  commonly  designated  as  “low-index” 
periods  and  low  during  “high-index”  conditions.  The 
practical  question  involved  here  concerns  itself  with 
the  cause  of  these  vagaries  in  the  behavior  of  the  general 
circulation,  for  if  this  were  known  a  better  insight  into 
the  long-range  forecasting  problem  might  result. 

In  view  of  the  fact-  that  r  is  also  a  rough  measure  of 
the  rate  of  kinetic  energy'  transport  into  the  polar  cap, 
it  is  interesting  to  note  its  relationship  to  the  general 
pressure  distribution  there.  If  these  pressures  are  low 
compared  to  the  pressures  farther  south,  a  relatively 
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large  fraction  of  the  kinetic  energy  so  transferred  should 
remain  without  being  destroyed  by  the  mean  conver¬ 
gence,  while  if  these  pressures  are  high  practically  ail 
the  kinetic  energy  fed  into  the  cap  should  disappear 
because  of  the  mean  convergence.  For  this  purpose  it 
was  decided  to  examine  r  with  reference  to  the  area- 
mean  ■pressure  deficit  north  of  45°N  as  compared  to  the 
pressure  at  45°N .  This  pressure  deficit  was  denoted  by 
it  and  was  computed  from  sea-level  pressures.  It  be¬ 
came  apparent  that  abnormally  large  values  of  r  are, 
generally  speaking,  encountered  only  when  the  pressure 
deficit  is  small  or  negative,  in  other  words  when  the 
eapacily  of  the  polar  cap  to  destroy  kinetic  energy  is 
abnormally  great. 

From  these  general  observations  it  would  appear  that 
large  meridional  transports  of  internal  heat  energy  and 
of  kinetic  energy  take  place  during  those  periods  when 
the  mean  meridional  pressure  distribution  at  lower 
levels  is  relatively  flat  north  of  the  subtropics  with  no 
marked  polar  low  present.  How  can  a  situation  such  as 
this  maintain  itself  over  appreciable  intervals  of  time, 
as  is  known  to  be  the  case?  Is  it  a  quasi-steady  state  or 
is  it  a  dislocation  which  becomes  progressively  more 
difficult  to  maintain?  We  can  only  speculate  about  the 
answers,  but  it  is  rather  interesting  to  do  so. 

First  let  us  consider  the  fact  that  it  is  during  these 
low-index  conditions  that  very  cold  air  masses  are  in¬ 
jected  into  southerly  latitudes.  This  in  turn  means  a 
very  strong  heating  of  the  atmosphere  in  middle  lati¬ 
tudes  and  the  subtropies,  especially  over  ocean  areas, 
so  that  a  rapid  replenishment  of  heat  and  also  a  rapid 
generation  of  kinetic  energy  would  be  a  normal  ac¬ 
companiment  of  this  state  ol  affairs.  This  consideration 
would  argue  for  the  possibility  of  quasi-steady  state. 

On  the  other  hand  in  order  to  maintain  a  quasi-steady 
condition,  means  would  have  to  be  present  to  dispose 
of  large  quantities  of  heat  in  the  polar  cap.  It  is  unlikely 
that  the  net  heat  loss  through  radiation  could  be 
stepped  up  enough  to  meet  this  requirement.  Progres¬ 
sive  melting  of  ice  in  the  polar  regions  could  absorb 
large  quantities  of  heat,  but  probably  exactly  the  op¬ 
posite  is  actually  the  case,  since  very  low  temperatures 
are  apt  to  prevail  at  low  levels  in  the  arctic  and  sub¬ 
arctic  regions  under  these  circumstances. 

Observationally  there  is  some  qualitative  evidence 
that  during  prolonged  low-index  conditions  there  is  apt 
to  be  present  in  polar  regions  an  accumulation  of  ab¬ 
normally  warm  air  a  little  distance  above  the  surface 
in  the  troposphere  and  in  the  stratosphere.  Also  there 
is  some  evidence  that  there  is  actually  a  progressive 
depletion  of  heat  energy  from  middle  latitudes  (in  spite 
of  the  strong  surface  heating)  with  a  consequent  pro¬ 
gressive  southward  shift  of  the  latitude  of  the  maximum 
westerlies  at  higher  levels.  What  ultimately  puts  a  stop 
to  the  trend  of  developments  is  not  obvious. 

Contrasted  with  the  low-index  regime,  during  periods 
of  a  strong  polar  vortex  at  low  levels  the  heat  and 
kinetic  energy  transport  is  weak.  Relatively  warm  air 
streams  across  the  continents  and  oceans  in  a  more 
zonal  manner  so  that  no  very  vigorous  heating  takes 
place.  So  far  no  difficulties  seem  to  be  present  as  far 


as  the  more  southerly  regions  are  concerned.  It  would 
appear,  however,  that  progressive  cooling  should  now 
take  place  in  the  arctic  regions  since  the  abnormally 
low  heat  input  would  appear  to  be  insufficient  to  main¬ 
tain  the  status  qua. 

On  the  whole  there  may  be  good  and  sufficient  physi¬ 
cal  reasons,  such  as  those  mentioned  above,  why  the 
general  circulation  does  not  persist  indefinitely  in  one 
or  the  other  abnormal  conditions  but  rather  tends  to 
shift  about  a  general  average  state.  There  is  neverthe¬ 
less  the  important  question  w'hy  the  average  state  does 
not  persist  without  such  pronounced  departures  as 
those  just  described.  The  writer’s  conjecture  on  the 
matter  is  that  the  average  state  can  too  easily  be  dis¬ 
rupted  by  the  effects  of  the  nonzonai  continentality 
found  especially  in  the  Northern  Hemisphere.  Such 
effects  may  be  partly  due  to  the  fact  that  the  continents 
provide  avenues  for  the  southward  penetration  of  in¬ 
tensely  cold  air  masses  which  can  tiius  arrive  at  rela¬ 
tively  low  latitudes  without  undue  modification.  The 
occasional  outpourings  of  such  cold  masses  over  ad¬ 
jacent  water  areas  at  fairly  low  latitudes  could  easily 
result  in  abnormal  heating  of  the  atmosphere  sufficient 
to  disrupt  the  average  regime. 

Also  it  should  not  be  forgotten  that  large  mountain 
ranges  extending  over  an  appreciable  spread  of  latitude 
can  exert  powerful  mechanical  effects  upon  the  atmos¬ 
phere,  as  pointed  out  by  White  [16].  By  way  of  example 
large  pressure  differences  across  the  Rockies  in  North 
America  could  perhaps  disrupt  the  angular  momentum 
balance  in  the  belt  of  the  prevailing  westerlies. 

Finally  the  suggestion  made  by  Willett  [18]  that  the 
seat  of  the  variation  could  perhaps  be  found  in  the 
variations  in  solar  output,  and  hence  the  heating  of 
the  atmosphere,  deserves  study.  For  it  may  be  that  the 
final  answer  is  bound  up  in  a  combination  of  effects, 
especially  if  long-term  aberrations  of  the  general  circu¬ 
lation  during  historic  and  geological  periods  are  also 
considered. 

From  what  has  been  said  in  the  several  preceding 
paragraphs  it  might  appear  that  too  little  emphasis  has 
been  placed  upon  the  influence  of  the  conditions  in  the 
upper  troposphere  and  in  the  stratosphere.  In  the  final 
analysis  it  is  obvious  that  the  entire  atmosphere  must 
form  an  integrated  system.  It  would  seem,  however, 
that  the  lower  layers  furnish  the  seat  of  thermodynamic 
activity  and  provide  the  motive  force  for  the  general 
circulation.  The  writer’s  colleague,  Dr.  H.  L.  Kuo,  is 
currently  engaged  in  a  theoretical  study  of  the  effects 
which  might  result  at  the  level  of  the  jet  stream  from 
forced  disturbances  originating  in  the  lower  levels.  From 
his  preliminary  work  it  would  appear  that  the  genera¬ 
tion  and  maintenance  of  the  jet  stream  itself  are  a 
necessary  consequence  of  such  impulses  received  from 
below.  Likewise  the  characteristics  of  the  angular  mo¬ 
mentum  balance  as  outlined  previously,  including  such 
features  as  the  tilted  (and  properly  curved)  trough  and 
ridge  lines,  as  well  as  the  development  of  regions  of 
sharp  shear  to  the  north  and  to  the  south  of  the  jet 
follow  as  consequences  of  the  analysis. 

Having  made  an  excursion  into  some  of  the  ramifi- 
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cations  involved  in  the  study  of  the  balance  of  angular 
momentum  and  of  kinetic  energy  in  the  atmosphere, 
let  us  now  consider  the  general  circulation  from  the 
standpoint  of  a  rational  theory  for  atmospheric  motions. 
By  this  term  we  mean  essentially  a  solution  of  the 
equation*  of  motion  which  purports  to  give  a  picture  of 
the  circulation  or  some  portion  of  it.  This  is  sharply 
contrasted  with  the  study  of  the  balance  of  various 
quantities,  because  the  latter  involves  hydrodynamical 
principles  only  to  the  extent  of  formulating  several 
integral  requirements  for  the  atmosphere.  The  investi¬ 
gation  of  how  the  atmosphere  actually  fulfills  these 
requirements  is  then  necessarily  an  empirical  and  ob¬ 
servational  problem. 

Logically,  then,  the  empirical  picture  obtained  from 
the  study  of  the  balance  of  various  quantities  and  from 
other  observational  studies  should  give  us  the  funda¬ 
mental  physical  characterization  of  the  atmosphere 
which  is  then  to  be  explained  in  terms  of  some  rational 
theory.  But,  in  a  larger  sense,  the  proper  physical 
characterization  of  the  general  circulation  is  a  subject 
which  up  to  the  present  has  hardly  been  entered  upon. 
We  need  quantitative  estimates  of  the  flow  of  heat,  of 
kinetic  energy  of  momentum,  etc.,  for  the  mean  state 
and  also  when  consideration  is  given  to  synoptic  and 
seasonal  variations.  The  labor  involved  in  order  to  sup¬ 
ply  this  information  is  bound  to  be  tremendous,  involv¬ 
ing  the  cooperation  of  meteorological  services  over  the 
entire  globe.  Nevertheless  progress  is  being  made  and 
there  is  reason  for  optimism. 

In  view  of  this  state  of  affairs  it  is  not  surprising 
that  the  development  of  a  rational  theory  for  the 
general  circulation  has  not  made  very  much  headway 
up  to  the  present  time.  Thus  the  scope  of  the  more 
successful  efforts  toward  the  solution  of  the  hydro- 
dynamic  equations  has  necessarily  been  severely  limited 
to  certain  portions  of  the  atmospheric  circulation  where 
the  introduction  of  drastic  simplifications  still  leads  to 
results  of  interest.  As  an  example  we  might  cite  the 
several  solutions  of  the  two-dimensional  barotropic  vor- 
ticity  equation  given  by  Itossby  [8]  and  recently  elabo¬ 
rated  by  Chamey  and  Eliassen  (3]  and  others.  For 
short-period  extrapolation  it  appears  that  these  results 
may  prove  to  be  of  moie  and  more  value  in  forecasting, 
even  though  these  solutions  leave  unanswered  some  of 
the  fundamental  questions  concerning  the  energy  bal¬ 
ance  when  long-term  effects  are  contemplated. 

As  a  general  comment  it  can  be  said  that  really 
adequate  solutions  which  link  the  mechanics  of  the 
atmospheric  circulation  to  the  source  of  energy  from 
solar  radiation  are  a  desideratum  for  future  research, 
although  the  situation  does  not  warrant  undue  pessi¬ 
mism.  In  this  connection  reference  may  be  made  to  a 
recent  publication  by  Lorenz  ff>J  which  is  concerned 
with  the  solution  of  the  two-dimensional  equations  of 
motion  for  the  region  near  the  pole,  taking  into  account 
friction  and  externa!  heating  and  cooling. 

Leaving  now  the  discussion  of  illustrative  topics, 
what  are  the  avenues  for  future  progress  which  are 
indicated  as  of  today?  This  is  necessarily  a  subjective 
matter  in  which  various  investigators  must  follow  their 


own  inclinations  and  tastes,  for  there  is  no  shortage  of 
diverse  problems  which  are  worth  while.  The  inclina¬ 
tions  of  the  writer,  as  one  of  these  investigators,  are 
probably  quite  apparent  from  what  has  already  been 
said.  The  underlying  and  oft-recurring  motif  of  this 
essay  is  the  need  for  a  more  complete  and  systematic 
empirical  description  of  the  basic  physical  processes 
involved  in  the  general  circulation.  We  are  now  begin¬ 
ning  to  have  sufficient  observational  material  at  least 
in  the  Northern  Hemisphere. 

Before  making  concrete  proposals,  let  us  take  a  glance 
at  what  is  being  done  which  may  serve  as  a  beginning 
toward  this  aim.  In  the  enumeration  of  activities  which 
follows,  any  omission  of  important  work  is  inadvertent 
and  is  due  simply  to  the  writer’s  lack  of  information. 
At  the  Massachusetts  Institute  of  Technology  Willett 
{18)  has  for  a  period  of  years  gathered  statistical  in¬ 
formation  concerning  the  general  circulation  in  the 
Northern  Hemisphere  in  the  form  of  5-day  averages. 
More  recently  he  has  begun  gathering  similar  data  for 
the  Southern  Hemisphere.  The  writer  has  found  this 
material  invaluable  for  the  study  of  the  general  circu¬ 
lation.  The  Department  of  Meteorology  of  the  Univer¬ 
sity  of  California  at  Los  Angeles  has  undertaken  a  study 
of  the  angular  momentum  balance  of  the  atmosphere 
by  means  of  finite  difference  integration  procedures. 
This  project  will  probably  also  include  a  similar  study 
of  the  energy  balance  later. 

Priestley  [7]  of  Australia  has  proposed  a  program  for 
the  observational  study  of  the  momentum  and  energy 
balance  of  the  atmosphere,  utilizing  radiosonde  and 
radio-wind  observations  directly.  Samples  of  his  analy¬ 
ses  already  prepared  by  him  have  proven  to  be  of  great 
interest,  but  require  elaboration. 

Van  Mieghem  [15]  of  Belgium  has  proposed  the  study 
of  the  balance  of  various  forms  of  energy,  entropy,  and 
momentum,  emphasizing  the  importance  of  such  studies 
for  the  progress  of  research  concerning  the  general 
circulation. 

The  Extended  Forecast  Division  of  the  U.  S.  Weather 
Bureau  has  for  some  years  been  amassing  observational 
material  in  the  form  of  5-day  averages  for  the  Northern 
Hemisphere.  The  Weather  Bureau  [14)  has  recently 
also  been  preparing  in  published  form  very  complete 
daily  Northern  Hemisphere  maps  for  the  surface  and 
500  millibars.  These  charts  are  most  xeellent  and 
should  prove  to  be  invaluable  for  researc..  purposes. 

Finally  mention  may  again  be  made  of  the  studies 
of  the  angular  momentum  and  energy  balance  initialed 
by  the  writer  at  the  Massachusetts  Institute  of  Tech¬ 
nology. 

The  items  listed  above  do  not  purport  to  cover  all 
important  research  on  the  general  circulation  conducted 
currently,  but  rather  only  such  activities  as  are  apt  to 
furnish  statistical  information  concerning  the  gross 
character  of  the  general  circulation.  Thus  various  other 
synoptic  and  theoretical  activities  are  not  included 
even  though  they  may  in  the  end  furnish  indispensable 
insight  as  to  the  interpretation  of  the  empirical  picture 
given  by  the  statistics. 

The  general  trend  to  be  discerned  is  that  the  em- 
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pineal  study  of  the  general  circulation  is  becoming  a 
matter  involving  vast  amounts  of  data  properly  and 
purposefully  organized  in  order  to  be  useful  for  the 
systematic  evaluation  of  various  specific  and  well-de¬ 
fined  processes  over  long  periods  of  time.  It  is  being 
undertaken  piecemeal  by  various  institutions  to  an 
extent  determined  by  their  financial  resources  and  fa¬ 
cilities.  In  the  initial  stages  of  such  exploratory 
activities  it  is  probably  most  desirable  that  there  should 
exist  diversified  direction  of  individual  small-scale  proj¬ 
ects  of  this  nature.  However,  once  the  best  general 
patterns  for  such  research  have  become  apparent,  a 
number  of  considerations  point  to  the  desirability  of 
more  consolidated  effort.  Thus  some  central  organiza¬ 
tion  could  perhaps  offer  the  advantages  of  a  long-term 
program,  more  economical  operation,  better  facilities 
such  as  high-speed  computing  equipment  and  better 
availabilityrof  computed  results.  Such  an  institute  could 
even  be  of  an  international  character  under  the  aus¬ 
pices  of  the  United  Nations,  since  the  purpose  would 
indeed  be  of  global  importance  in  a  very  literal  sense. 

Beyond  the  broad  recommendations  just  set  forth, 
the  writer  wishes  to  state  his  belief  that  periodic  re¬ 
views  of  progress  such  as  the  ones  contained  in  this 
volume  should  be  planned  by  appropriate  organiza¬ 
tions  in  an  effort  to  stimulate  comparison  of  differing 
opinions  and  to  bring  forth  suggestions.  Another  matter 
of  somewhat  similar  nature  is  the  periodic  publication 
of  selected  reprinted  papers,  adjudged  to  be  of  funda¬ 
mental  importance,  in  the  form  of  collections  similar 
to  those  edited  by  Cleveland  Abb6  [I]  several  decades 
ago.  A  practical  problem  here  would  be  the  selection  of 
a  capable  (and  so  to  speak  disinterested)  editor. 

Finally  a  word  about  certain  philosophical  and  theo¬ 
retical  aspects.  In  a  science  such  as  meteorology  in 
which  the  rational  explanation  of  the  most  gross  fea¬ 
tures  is  still  to  be  found,  much  attention  must  be  given 
to  questions  regarding  the  general  techniques  for  tn- 
terpretive  research  in  order  to  ascertain  if  possible  the 
ones  which  are  suitable.  In  any  well-developed  science, 
as  for  instance  physics,  it  is  often  possible  to  arrive  at 
new  results  by  purely  deductive  means.  However,  it 
must  be  granted  that  the  more  fundamental  scientific 
achievements  of  an  interpretative  nature  have  usually 
stemmed  from  the  deliberate  introduction  of  new  physical 
hypotheses.  Such  hypotheses  are  usually  the  direct  prod¬ 
uct  of  creative  minds  who  through  sufficient  insight 
are  able  to  recast  a  given  problem  into  a  new  form. 
Although  such  formulation  of  novel  hypotheses  is  per¬ 
haps  the  most  difficult  task  confronting  a  scientist,  we 
cannot  afford  to  dispense  with  it  in  any  attempt  at 
understanding  the  motions  of  the  atmosphere  at  the 
present  time. 

Without  the  use  of  creative  imagination  to  give  it 
form,  our  science  could  easily  become  a  repetitious 
accumulation  of  bits  of  petty  dogma,  a  jargon  of  catch¬ 
words  and  sophistries,  a  species  of  scholasticism  lacking 
a  firm  basis  or  unifying  principles.  Wc  need  men  with 
vision  and  courage  who  would  not  be  content  in  oc¬ 
cupying  themselves  with  odd  bits  of  research,  but  would 
tackle  the  fundamental  problems.  Men  who  have  some- 


tiling  of  the  spirit  of  daring  which  prompted  Newton 
to  propose  the  theory  of  universal  gravitation  and 
Einstein  to  suggest  anew  the  quantum  character  of 
radiation. 

Much  of  what  has  been  said  in  the  last  two  para¬ 
graphs  has  a  direct  bearing  upon  the  use  of  mathematics 
in  meteorological  research.  To  regard  the  fundamental 
problems  of  meteorology  as  purely  mathematical  ones 
is  hardly  warranted.  It  is  true  that  many  of  the  hydro- 
dynamical  and  physical  principles  involved  are  capable 
of  mathematical  statement,  but  it  is  only  through  the 
leaven  of  some  purely  physical  hypothesis  that  we  are 
guided  to  the  appropriate  mathematical  use  of  these 
principles. 

As  stated  previously,  present-day  meteorology  may 
be  thought  of  as  being  in  the  Keplerian  era.  It  finds 
itself,  however,  side  by  side  with  very  much  more  nd- 
vanced  physical  sciences  in  which  research  is  earned 
on  with  the  aid  of  very  sophisticated  mathematical 
and  theoretical  tools  designed  for  the  purpose  through 
the  laborious  efforts  of  past  generations.  Although  much 
may  be  gained  by  borrowing  certain  of  these  techniques 
where  proper  analogies  have  been  established,  still  there 
are  certain  philosophical  pitfalls  which  arise  when  this 
is  done  merely  in  slavish  effort  at  imitation  without 
proper  caution.  Such  superficial  efforts  are  sometimes 
entered  upon  in  order  to  gloss  over  the  prerequisite  of 
clear  physical  thinking.  We  cannot  telescope  the  evo¬ 
lution  of  a  new  science  by  omitting  essential  phases  of 
its  natural  development.  We  cannot  hope  for  a  magic 
carpet  which  would  carry  us  directly  from  Kepler  to 
Einstein,  eliminating  the  growing  pains  of  Newtonian 
mechanics. 
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A  STUDY  OF  THE  GENERAL  CIRCULATION 
AND  A  POSSIBLE  THEORY  SUGGESTED  BY  IT 

Edward  N.  Lorenz  (Cambridge,  U.S.A.) 


Summary:  A  recently  completed  analysis  of  two  years  of  data  from  two 
circumpolar  chains  of  northern  hemisphere  stations,  and  one  year  of  data 
from  three  additional  chains,  indicates  that  horizontal  eddies  transport  as 
much  angular  momentum,  water,  and  energy  poleward  as  is  required  by  the 
interaction  of  the  atmosphere  with  its  environment.  The  meridional  circula¬ 
tions  as  measured  transport  minor  amounts  of  angular  momentum  and 
water.  The  eddy  flux  of  angular  momentum  is  against  the  gradient  of 
angular  velocity  throughout  much  of  the  atmosphere,  so  that  kinetic  energy 
is  transferred  from  the  eddies  to  the  mean  flow.  The  eddy  flux  of  sensible 
heat  is  primarily'  with  the  temperature  gradient,  but  is  against  the  gradient 
in  the  lower  stratosphere. 

These  results  form  parts  of  a  possible  theory  of  the  general  circulation. 
Other  parts  are  suggested  by  various  theoretical  studies  and  by  analogies 
with  certain  experimental  models.  It  appears  that  the  role  of  heating  is  to 
maintain  available  potential  energy,  represented  primarily  by  the  poleward 
temperature  gradient.  The  resulting  state  is  unstable,  so  that  eddies  appear. 
The  potential  energy  of  the  mean  flow  maintains  the  eddies  against  dissipa¬ 
tive  effects,  and  the  eddies  maintain  the  kinetic  energy  of  the  mean  flow 
against  dissipative  effects. 

An  extensive  study  has  recently  been  completed  by  the  General  Circulation 
Project  at  the  Massachusetts  Institute  of  Technology,  under  the  direction  of 
Prof.  Victor  P.  Starr.  The  principal  results  of  this  study  have  been 
prepared  for  publication  by  Prof.  Starr  and  Dr.  Robert  M.  White1.  The 
first  portion  of  this  presentation  is  concerned  with  the  results  of  that  study. 

The  study  was  based  upon  all  available  upper-wind  and  radiosonde 
observations,  at  standard  levels  up  to  100  millibars,  at  five  circumpolar 
chains  of  northern-hemisphere  stations,  during  the  year  1950,  together  with 
some  low-latitude  observations  for  1949  anti  1951.  The  five  chains  of 
stations  were  located  approximately  at  latitudes  13,  31,  42-5,  55,  and  70 
degrees  north,  and  each  chain  contained  firem  ten  to  nineteen  stations,  with 
a  total  of  75  stations.  The  data  were  extracted  directly  from  the  coded 
messages,  as  published  in  the  Daily  Series  Synoptic  Weather  Maps,  prepared 
by  the  United  States  Weather  Bureau2  (1949  et  seq.)  in  co-operation  with  the 
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Army.  Navy,  and  Air  Force,  and  involved  altogether  a  total  of  1 76  thousand 
individual  wind  readings,  57  thousand  humidity  readings,  and  77  thousand 
temperature  readings. 

Average  values  of  certain  quantities  were  computed  from  these  data.  The 
nature  of  the  data  renders  short-period  averages  of  doubtful  significance,  so 
that  attention  was  given  primarily  to  yearly  averages  and  summer  and  winter 
averages.  These  quantities  included  the  zonaiiy  averaged  eastward  and 
northward  wind  components,  specific  humidities  and  temperatures,  and 
also  the  horizontal  poleward  fluxes  of  angular  momentum,  water,  and  total 
energy,  as  functions  of  latitude  and  elevation.  The  vertically  averaged 
horizontal  fluxes  were  compared  with  those  required  by  considerations  of 
continuity,  as  inferred  from  the  best  available  estimates  of  the  latitudinal 
distribution  of  exchanges  of  angular  momentum,  water,  and  total  energy 
between  the  atmosphere  and  its  environment. 

The  instantaneous  local  poleward  flow  of  mass  may  be  resolved  into  three 
components :  the  portion  due  to  the  long- period  mean  meridional  circulation ; 
the  portion  due  to  the  additional  instantaneous  meridional  circulation;  and 
the  portion  due  to  large-scale  horizontal  eddy  motion.  Each  of  these 
components  accomplishes  a  separate  mode  of  poleward  transport  of  any 
quantity.  The  transports  of  angular  momentum  and  water  were  resolved 
into  these  three  modes  of  transport,  while  in  the  case  of  total  energy  only  the 
transport  by  horizontal  eddies  was  computed. 

The  computations  of  the  angular-momentum  balance  reveal  the  great 
importance  of  horizontal  eddies,  as  compared  to  meridional  circulations,  in 
accomplishing  the  total  transport  across  those  latitudes  where  the  transport 
is  greatest.  The  transport  by  eddies  appears  sufficient  to  satisfy  balance 
requirements,  as  determined  from  estimates  of  surface  torques.  'Hie  mean 
meridional  circulation  as  measured  possesses  the  familiar  three-cell  pattern, 
but  most  of  the  computed  values  are  too  small  to  be  statistically  significant  in 
view  of  the  nature  of  the  data.  The  evidence  against  mean  meridional 
circulations  stronger  than  about  one  metre  per  second  is  fairly  conclusive, 
except  at  low  levels  in  the  tropics,  where  a  direct  circulation  stronger  than 
two  metres  per  second  may  occur  in  winter. 

A  further  result  is  that  the  eddy  flux  of  angular  momentum  is  directed 
primarily  toward  latitudes  of  higher  angular  velocity.  This  counter¬ 
gradient  flux  results  in  a  net  conversion  of  the  kinetic  energy  of  the  eddies  into 
kinetic  energy  of  the  zonal  flow,  as  has  recently  been  pointed  out  by  Kuo,3 
and  in  more  detail  by  Van  Mieghem4. 

The  computations  of  the  water  balance  again  reveal  tht  great  importance 
of  horizontal  eddies,  which  transport  sufficient  water  to  satisfy  the  balance 
requirements,  as  estimated  from  evaporation  and  precipitation  studies.  The 
transport  of  latent  heat  of  condensation  which  accompanies  the  transport  of 
water  accounts  for  at  least  half  of  the  total  necessary  energy  transport  at 
subtropical  latitudes. 

The  horizontal  transport  of  total  energy  involves  the  transport  of  potential 
energy  as  well  as  sensible  heat  and  latent  heat.  Since  the  potential  energy 
per  unit  mass  is  very  large  at  great  heights,  the  transport  of  potential  energy 
by  the  meridional  circulation  is  greatly  influenced  by  the  nature  of  this 
circulation  in  the  upper  stratosphere,  where  sufficient  data  were  unavailable. 
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Computations  were  therefore  restricted  to  the  transport  of  total  energy 
by  horizontal  eddies,  which  do  not  transport  potential  energy.  Again  the 
eddies  transport  sufficient  energy  to  satisfy  the  balance  requirements,  as 
inferred  from  radiation-balance  figures.  In  lower  latitudes  the  transport  of 
sensible  heat  is  not  sufficient  to  satisfy  the  balance  requirements,  and  the 
additional  necessary  energy  is  transported  in  the  form  of  latent  heat. 

A  further  result  is  that  the  eddy  liux  of  sensible  heat  is  generally  directed 
toward  colder  latitudes.  However,  in  the  lower  stratosphere,  the  flux  is 
against  the  temperature  gradient,  since  the  gradient  is  reversed,  but  the  flux 
is  still  poleward. 

This  study  makes  it  possible  to  present  a  comprehensive  description  of  the 
processes  which  are  responsible  for  maintaining  the  energy  of  the  general 
circulation.  Descriptions  of  certain  of  these  processes  have  been  appearing 
with  increasing  frequency  in  recent  meteorological  literature. 

In  discussing  the  energy  of  the  general  circulation,  it  is  convenient  to 
introduce  the  concept  of  available  potential  energy.  This  quantity  may  be 
defined  as  the  difference  between  the  total  potential  plus  internal  energy  of 
the  atmosphere,  and  the  minimum  potential  plus  internal  energy  which 
could  result  from  any  adiabatic  redistribution  of  mass.  This  same  quantity 
was  described  by  Margules  3  in  his  famous  paper  concerning  the  energy  of 
storms.  The  properties  of  available  potential  energy  have  been  discussed  in 
detail  by  the  writer.6 

Available  potential  energy  may  be  expressed  approximately  in  terms  of  a 
weighted  vertical  average  of  the  horizontal  variance  of  temperature.  In 
this  respect  it  bears  a  certain  analogy'  to  kinetic  energy,  which,  aside  from 
the  contribution  of  the  mean  wind,  depends  upon  the  variances  of  the  wind 
components.  Just  as  the  kinetic  energy  may  be  resolved  into  zonal  and  eddy 
kinetic  energy,  by  an  analysis  of  variance  of  wind,  so  the  available  potential 
energy  may  be  resolved  into  zonal  and  eddy  available  potential  energy, 
by  an  analysis  of  variance  of  temperature  into  the  variance  of  zonally  averaged 
temperature  and  the  variance  of  temperature  within  latitude  circles.  Just 
as  the  rate  of  conversion  of  zonal  into  eddy  kinetic  energy  depends  primarily 
upon  the  eddy  flux  of  angular  momentum  along  the  gradient  of  angular 
velocity,  so  the  rate  of  conversion  of  zonal  into  eddy  available  potential  energy 
depends  upon  the  eddy  flux  of  sensible  heat  along  the  temperature  gradient. 
Zonal  and  eddy  available  potential  energy  may  respectively  be  converted  into 
zonal  and  eddy  kinetic  energy  by  meridional  circulation  and  eddy  motions. 

The  immediate  effect  of  heating  by  the  environment  is  the  generation  of 
zonal  available  potential  energy,  through  heating  in  warm  latitudes  and 
cooling  in  cold  latitudes.  Crude  estimates  based  upon  the  radiation-balance 
figures  of  Albrecht7  indicate  a  generation  of  about  200  x  1020  ergs  per 
second,  or  about  two  per  cent  of  the  total  solar  energy  received  at  the  outer 
limit  of  the  atmosphere. 

Since  the  horizontal  eddy  flux  of  sensible  heat  is  primarily  toward  colder 
latitudes,  there  is  a  net  conversion  of  zonal  into  eddy  available  potential 
energy,  that  is,  the  variance  of  temperature  within  latitude  circles  increases 
at  the  expense  of  the  variance  across  latitudes.  The  rate  of  this  conversion, 
estimated  from  the  figures  of  the  General  Circulation  Project,  also  appears 
to  be  about  200  x  IQ20  ergs  per  second. 
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Environmental  effects  probably  destroy  some  of  this  eddy  available 
potential  energy  instead  of  generating  more,  in  view  of  the  probable  presence 
of  heating  of  cold  air  masses  and  cooling  of  warm  air  masses  at  the  same 
latitudes.  However,  some  of  the  eddy  available  potential  energy  must  be 
converted  into  eddy  kinetic  energy,  since  there  is  no  other  source  for  the 
latter,  because,  as  we  have  seen,  zonal  kinetic  energy  acts  as  a  sink  for  eddy 
kinetic  energy.  The  rate  of  conversion  from  eddy  to  zonal  kinetic  energy  is 
about  10  x  1020  ergs  per  second,  according  to  the  figures  of  the  G-eneral 
Circulation  Project  (see  Starr8}  .  The  rate  of  conversion  from  eddy  available 
potential  energy  to  eddy  kinetic  energy  depends  upon  the  correlation  within 
latitude  circles  between  temperature  and  vertical  motion,  and  cannot  be 
computed  direedy  from  available  data.  Presumably  both  forms  of  energy 
are  destroyed  by  friction. 

There  remains  the  possible  direct  conversion  of  zonal  available  potential 
energy  to  zonal  kinetic  energy.  However,  the  weak  meridional  circulation 
measured  by  Starr  and  White1  leads  to  a  conversion  from  zonal  kinetic 
energy  back  to  zonal  available  potential  energy',  at  the  rate  of  about  2  x  1020 
ergs  per  second.  The  direction  of  this  conversion  results  from  the  presence 
of  the  indirect  cell  in  the  latitudes  of  the  strongest  temperature  gradient. 

Now  that  we  have  established  a  picture  of  the  energy  cycle  of  the  general 
circulation  from  the  available  observations,  we  may  ask  why  the  atmosphere 
chooses  to  operate  in' this  particular  fashion.  In  attempting  to  learn  the 
answer,  we  shall  be  guided  by  the  so-called  ‘dish pan’  experiments  being 
performed  at  the  University  of  Chicago  (see  Fultz9,  Starr  and  Long10). 
In  these  experiments  a  circular  cylindrical  vessel  containing  water  is  rotated 
at  a  constant  rate,  and  is  subjected  to  uniform  heating  about  the  circumfer¬ 
ence  and  cooling  at  the  centre.  The  flow  of  the  water  is  observed  by  means 
of  tracers. 

Under  sufficiently  low  rotation  and  sufficiently  strong  heating,  the  observed 
flow  is  nearly  symmetric  about  the  centre,  and  consists  of  a  strong  zonal  flow 
with  a  weak  superposed  meridional  circulation.  Under  faster  rotation  or 
weaker  heating,  the  flow  loses  its  symmetry,  and  exhibits  meandering  currents 
which  bear  a  close  resemblance  to  those  found  upon  upper-level  hemispheric 
weather  maps. 

The  breakdown  of  the  symmetric  Sow  after  a  critical  combination  of 
rotation  and  heating  is  exceeded  is  suggestive  of  an  instability  phenomenon. 
Certainly  the  forced  flow  observed  in  the  symmetric  regime  is  dynamically 
stable.  It  seems  possible  that  under  supercritical  conditions  any  forced 
flow  will  be  dynamically  unstable,  in  tbs  sense  that  small  superposed  disturb¬ 
ances  will  grow  until  they  become  important  features  of  the  flow  pattern.  A 
study  by  the  writer11  appears  to  confirm  tl.  &  conclusion.  Moreover,  no 
tendency  is  revealed  for  the  development  of  barotropk  instability,  that  is, 
instability  related  to  the  horizontal  distribution  of  vorticity.  Instead,  the 
instability  seems  to  be  baroclinic,  that  is,  relsosd  to  the  temperature  gradient 
and  the  accompanying  vertical  wild  shear.  Baroclinic  instability  increases 
with  decreasing  static  stability  (see  Cha&ney12),  and  in  this  case  seems  to  set 
in  when  the  meridional  circulation  becomes  too  weak  to  maintain  strong 
static  stability. 

On  the  other  hand,  the  problem  has  been  studied  much  more  extensively 
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by  Kuou« 14,  who  has  regarded  the  symmetric  regime  with  Sts  accompanying 
meridional  overturning  as  a  large-scale  convective  phenomenon.  Heating 
tends  to  generate  such  convection,  while  rotation  tends  to  suppress  it.  Thus 
Kuo  finds  that  for  sufficiently  high  rotation  or  weak  heating,  large-scale 
convection  is  impossible,  that  is,  the  heating  cannot  force  any  symmetric 
flow. 

These  studies  may  seem  to  represent  different  points  of  view,  but  the 
results  are  actually  compatible,  and  together  allow  for  one  regime  where 
symmetric  flow  will  be  observed,  another  regime  where  symmetric  flow  is 
mathematically  possible,  in  the  sense  that  it  satisfies  die  appropriate  equa¬ 
tions  and  boundary  conditions,  but  will  not  be  observed  because  it  is  dyna¬ 
mically  unstable,  and  still  another  regime  where  symmetric  flow  is  not 
mathematically  possible. 

If  the  atmosphere  is  really  analogous  to  the  model  experiments,  the 
existence  of  eddies  may  be  attributed  to  instability.  A  similar  point  of  view 
was  expressed  by  Lady'S,  at  the  Centenary  of  the  Royal  Meteorological 
Society.  Various  studies  of  baroclinic  instability  have  suggested  that  typical 
atmosphere  zonal  flow  patterns  are  generally  unstable. 

The  atmosphere  thus  falls  into  the  unsymmetric  regime  because  the 
particular  combination  of  rotation  and  heating  which  characterizes  the 
atmosphere  is  one  of  those  which  is  incapable  of  maintaining  large-scale 
symmetric  convection,  or  stable  symmetric  flow'.  The  existence  of  this 
combination  of  rotation  and  heating  may  be  ascribed  to  chance ;  possibly  a 
more  nearly  symmetric  regime  would  prevail  if  the  earth  rotated  more 
slowly. 

The  eddies  in  the  atmosphere  and  the  experiments  are  finite  rather  than 
infinitesimal,  but  it  seems  plausible  that  these  eddies  are  maintained  by  the 
same  processes  which  cause  small  eddies  to  grow  when  superposed  upon  an 
unstable  flow.  Likewise,  any  suppression  of  finite  eddies  may  be  due  to  the 
same  processes  which  prevent  small  eddies  from  growing  when  superposed 
upon  a  stable  flow. 

If  the  zonal  flow  in  the  atmosphere  is  in  general  barotropicaily  stable,  the 
processes  which  tend  to  suppress  the  eddies  convert  their  kinetic  energy 
directly  into  kinetic  energy'  of  the  zonal  flow,  since  potential  energy  is  not 
involved.  If  in  addition  the  flow  is  baroclinicaliy  unstable,  the  maintenance 
of  the  eddies  must  result  from  a  transfer  of  available  potential  energy,  rather 
than  kinetic  energy,  from  the  zonal  circulation,  and  the  kinetic  energy  of  the 
eddies  is  obtained  from  the  available  potential  energy  which  the  eddies 
have  acquired.  We  thus  arrive  at  the  pictuic  of  the  energy  cycle  of  the 
general  circulation  which  we  have  already  established  from  the  observations. 
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ABSTRACT 


The  balances  of  angular  momentum,  energy  and  water  are 
examined  on  the  basis  of  hemispherically  distributed  observa¬ 
tions  of  wind,  temperature  and  moisture  for  the  entire  year 
1950*  The  function  of  various  kinds  of  organised  atmospheric 
circulations  in  maintaining  these  balances  is  brought  out 
through  the  analysis  of  the  data.  The  results  lead  to 
a  clearer  understanding  of  the  physical  processes  which  are 
important  in  the  maintenance  of  the  general  circulation. 

The  angular  momentum  balance  is  examined  first.  The  pole- 
ward  flux  of  eastward  angular  momentum  Is  evaluated  from  actual 
wind  data  extending  from  the  surface  to  100  mb  and  from  the 
tropics  to  the  polar  regions.  It  is  found  that  the  flux  of 
such  momentum  between  tropical  and  middle  latitudes  is  princi¬ 
pally  accomplished  through  the  agency  of  the  large  scale  hori 
zontal  eddies  in  the  atmosphere.  The  maximum  flux  occurs  in  the 
vicinity  of  latitude  50°  N  at  the  boundary  between  surface 
easterlies  and  westerlies.  The  flux  is  found  to  be  sufficient 
to  account  for  the  drain  of  such  momentum  in  the  region  of  the 
westerlies  by  surface  torques.  It  is  further  pointed  out  that., 
the  kinetic  energy  of  the  westerlies  results  '7rom  the  con/ersion 
from  the  kinetic  energy  of  the  disturbances  and  not  from  the 
direct  action  of  the  mean  meridional  circulations. 

The  energy  and  water  balances  for  the  northern  hemisphere 
are  presented  and  discussed  in  the  light  of  observational  determi¬ 
nations  of  the  flux  of  both  of  these  properties  by  various 


Kinds  of  atmospheric  circulations.  Comparisons  with  requirements 
estimated  by  other  investigators  show  that  the  large  scale  horizon¬ 
tal  eddies  transport  sufficient  energy  and  water  to  account  for 
most  of  the  balance  requirements. 
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BALANCE  REQUIREMENTS  OF  THE  GENERAL  CIRCULATION 


1 .  Introduction 

One  approach  to  the  problem  of  describing  and  explaining 
the  general  circulation  of  the  earth's  atmosphere  consists  in 
examining  certain  integral  requirements  deduced  fi’om  broad 
dynamic  principles  governing  atmospheric  motions.  These  inte¬ 
gral  requirements  may  be  formulated  in  terms  of  the  balances  of 
angular  momentum,  energy,  vvater,  mass  and  Other  properties.  Such 
an  approach  has  been  used  with  increasing  frequency  in  recent 
years.  An  analysis  of  these  balances  for  the  entire  northern 
hemisphere  based  upon  actual  wind,  temperature  and  moisture 
observations  covering  the  entire  year  1950  are  presented  in 
this  paper. 

The  properties ,  angular  momentum,  energy,  water,  and  mass 
are  each  conservative  in  that  they  cannot  be  generated  or 
destroyed  within  the  atmosphere,  but  can  only  be  redistributed 
or  in  the  case  of  energy  converted  from  one  form  to  another. 

Over  sufficiently  long  periods  of  time  there  can  be  no  signi¬ 
ficant  net  flow  of  these  properties  Into  the  atmosphere  nor 
outflow  from  it.  However,  for  each  property  there  is  a  net  in¬ 
flow  at  certain  latitudes  compensated  by  a  net  outflow  at  others. 
To  complete  the  balances  there  must  be  a  flux  of  such  properties 
within  the  atmosphere  across  certain  latitudes.  By  and  large 
the  flux  of  a  property  across  a  latitude  is  accomplished  by  the 
exchange  across  the  latitude  of  equal  air  masses  containing 
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different  amounts  of  the  property.  Part  of  the  mass  exchange 
may  consist  of  a  northward  mass  flow  at  certain  elevations 
accompanied  by  a  southward  mass  flow  at  different  elevations. 
Such  flows  may  be  said  to  form  meridional  circulations.  In 
addition  mass  exchange  across  a  latitude  circle  may  occur  if 
there  is  a  net  northward  mass  flow  at  certain  elevations ,  times, 
and  longitudes,  compensated  by  southward  flow  at  the  same  ele¬ 
vations,  but  at  different  times  and/or  longitudes.  Such  flows 
may  be  said  to  constitute  horizontal  eddies. 

The  necessity  for  a  flux  of  angular  momentum  across  a 
given  latitude  may  be  described  a.  a  continuity  requirement  for 
angular  momentum.  Necessities  for  the  flux  of  other  properties 
may  be  similarly  described.  The  necessity  for  the  fluxes  may 
be  expressed  as  a  set  of  three  relations.  A  fourth  relation 
results  from  the  necessity  for  a  zero  transport  of  mass.  Thus 
for  each  latitude  we  may  with  sufficient  accuracy  write  that: 
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In  these  integrals  t-p  is  the  length  of  time  interval  over  which 
the  integration  is  to  be  performed,  PQ  la  the  surface  pressure, 

L  is  the  length  of  the  latitude  circle,  v  is  the  northward 
velocity  component,  M  is  the  absolute  angular  momentum  per 
unit  mass,  E  =  E4  +  JL_  where  E'  is  the  total  energy  per  unit 

p  ^ 

mass,  and  ,/p.  is  a  measure  of  the  work  done  by  pressure  forces, 

W  is  the  total  water  content  per  unit  mass,  dx  is  an  element  of 
linear  distance  eastward,  dt  is  an  element  of  time,  dp  is  an 
element  of  pressure  in  the  vertical,  g  is  the  acceleration  of 
gravity,  and  K^,  K2,  K?  represent  the  required  flux  of  the 

jff. 

various  properties  across  the  latitude  circles. 

Estimates  of  the  constants  ,  Kg,  and  may  be  made 
from  independent  considerations.  It  is  of  great  interest, 
among  other  things,  to  attempt  to  evaluate  the  left  hand  sides 
of  the  expressions  from  atmospheric  observations  to  determine 
the  measure  of  agreement  which  can  be  obtained.  Of  even  greater 
importance,  however,  is  the  determination  of  how  the  details  of 
the  atmospheric  circulations  are  organized  in  order  to  satisfy 


It  Is  to  be  noted  that  the  pressure-work  transfer  occurs  in 
a  constant  ratio  R/Cv  to  the  internal  energy  transfer.  The 
sum  of  the  transfer  of  internal  energy  and  the  pressure-work 
transfer  is  called  the  sensible  heat  or  enthalpy  transfer. 

JMfrln  the  four  expressions  (l.O)-(l.^)  it  has  been  assumed  that 
the  atmosphere  Is  in  hydrostatic  equilibrium,  that  the 
acceleration  of  gravity,  g,  is  everywhere  constant,  and  the 
variation  of  the  length  of  the  latitude  circle,  L,  with  p  is 
negligible.  In  addition  It  should  be  recognized  that  PQ  .is 
variable  In  both  horizontal  space  and  time .  In  the  first 
equation  (1.0)  the  net  transport  of  mass  due  to  the  net  merid¬ 
ional  flux  of  water*  vapor*  has  been  neglected. 
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such  balance  requirements.  In  the  sections  that  follow  an 
attempt  will  be  made  to  answer  these  questions. 

2 .  Procedure 

There  are  certain  general  procedures  concerning  data 
collection  and  analysis  which  are  common  to  the  individual 
investigations  of  the  atmospheric  angular  momentum,  energy, 
and  water  balances.  The  basic  data  include  observations  of 
the  northward  and  eastward  wind  velocity  components,  the 
temperature  and  moisture  content  at  all  levels  In  the  atmos¬ 
phere  at  numerous  points  along  the  various  latitudes  which 
are  to  be  studied.  Because  the  location  of  upper -air  observ¬ 
ing  stations  is  determined  largely  by  consideration  of  eco¬ 
nomics  and  geography,  the  selection  of  stations  Is  somewhat 
restricted.  Attempts  were  made  therefore  to  select  strings 
of  key  stations  in  the  vicinity  of  certain  latitude  circles, 
which  were  strategically  located  in  order  to  provide  the 
required  information.  The  distribution  of  these  key  stations 
over  the  northern  hemisphere  is  shown  in  Fig.  1.  The  mean 
latitudes  of  the  several  strings  are  13°N,  31°N,  42.5°N,  55°N 
and  70°N.  For  the  most  part  the  same  observing  stations  were 
used  for  the  study  of  all  three  balances.  However  at  latitude 
13°N  evaluations  of  the  angular  momentum  flux  only  were  made. 
The  listing  of  all  key  stations  together  with  certain  alternate 
stations  which  were  used  when  data  from  key  stations  were  miss¬ 
ing  are  given  in  Tables  1-5.  Wherever  possible  attempts  were 
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Pig.  1.  The  distribution  of  key  stations  over  the  northern 
hemisphere  used  in  the  investigations  of  the  angular  momentum, 
energy,  and  water  balances  for  the  year  1950.  The  mean  lati¬ 
tudes  of  the  various  strings  of  key  stations  are  located  as 
indicated  at  13°,  51°,  42.5  ,  55  ,  and  70°N. 


made  to  use  radio-wind  observations.  However  in  certain  areas 
where  these  were  not  available  pilot  balloon  observations  were 
used . 

To  give  some  idea  of  the  availability  of  observations, 
the  frequency  of  occurrence  of  the  wind  observations  for  the 
entire  year  is  given  in  Tables  6-10.  The  frequency  of  occur¬ 
rence  of  temperature  and  moisture  observations  which  were 
usable  (that  Is  accompanied  by  wind  observations)  is  so  close¬ 
ly  similar  to  that  for  the  winds  that  no  good  purpose  would  be 
served  by  also  tabulating  them. 

It  will  be  noted  that  the  wind  observations  at  13°N  were 
abstracted  at  constant  height  levels,  whereas  those  at  other 
latitudes  were  abstracted  only  at  constant  pressure  levels. 
This  was  done  in  connection  with  another  study  of  the  angular 
momentum  flux  in  tropical  regions  in  which  it  was  desirable 
to  have  a  more  detailed  description  of  the  angular  momentum 
exchange  processes  than  Is  required  here.  The  constant  height 
levels  used  for  comparison  with  similar  data  at  other  lati¬ 
tudes  at  constant  pressures  are  those  which  are  starred  in 
Table  6. 

Wind,  temperature  and  moisture  reports  for  the  various 
stations,  levels,  and  latitudes  were  taken  from  the  data 
tabulations  of  the  Dally  Series  Synoptic  Weather  Maps  prepared 
by  the  U.  S.  Weather  Bureau  in  cooperation  with  the  Army, 

Navy  and  Air  Force  for  the  year  1950.  All  observations  are 
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for  0300  G.M.T.  for  each  day.  No  attempt  was  made  to  cor¬ 
rect  or  exclude  original  data  where  doubtful.  This  course 
was  followed  in  order  to  maintain  objectivity  in  the  com¬ 
putations  , 

2,1  Evaluation  of  the  flux  of  atmospheric  properties 

The  flux  of  various  atmospheric  properties  on  the 

scale  of  the  general  circulation  has  been  studied  in  the  re- 

1° 

cent  past  by  a  large  number  of  investigators:  Starr,  u 

Bjerknes,"  Priestley,  ^  Wldger,^  Starr  and  White, ^ 

28. 2f'  13  4 

White,  Mlntz,  Benton,  and  others. 

12  4 

More  recently  Lorenz  and  Benton  have  discussed  a 
generalized  method  whereby  the  flux  of  atmospheric  proper¬ 
ties  can  be  studied.  These  generalized  methods  admit  certain 
specialized  formulations  of  the  problem  which  while  being 
less  general,  possess  the  distinct  advantage  of  being  more 
physically  meaningful.  Several  alternative  specialized 

methods  of  treating  the  flux  problem  have  been  used  in  the 

15  21 

past  notably  by  Priestley  and  by  Starr  and  White.  Each 
of  these  formulations  is  entirely  legitimate  and  may  be  used 
to  answer  appropriately  phrased  questions  concerning  the 
nature  of  the  exchange  processes.  In  this  paper  the  analy¬ 
sis  of  the  transfer  processes  will  be  made  in  accordance 

21 

with  the  formulation  previously  used  by  Starr  and  White 
and  the  notations  will  be  entirely  >nci J  o  yous  to  that  used 
previously  by  the  authors. 
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In  the  investigations  which  follow  we  shall  be  interested 
in  the  flux  of  certain  atmospheric  properties  due  to  various 
kinds  of  organized  atmospheric  circulations  across  several 
latitude  circles.  We  shall  thus  be  interested  in  evaluating 
and  interpreting  expressions  of  the  type: 


E 


{{ay}}. 


(2.0) 


where  a  is  the  amount  of  a  given  property  per  unit  mass.,  the 

brackets  represent  a  mean  with  respect  to  longitude,  the  bar 

a  mean  with  respect  to  time  and  the  parenthesis  a  mean  with 

respect  to  pressure  in  the  vertical.  The  expression  <P3> 

may  then  be  expanded  in  terras  of  the  means  of  the  various 

quantities  entering  this  product  and  the  appropriately  defined 

deviations  from  these  means.  Thus  It  has  been  shown  (Starr 
23 

and  White  that  it  is  possible  to  expand  such  a  term  as 


follows: 

_ _  _  _  (21) 

( Cav3 )  =  (fckiHCvIi)  +  (Zaitvi)  +  (tofflyn+ftayi  )3 

or  alternatively  as: 

(P^)=(ratn)+(tai'w')+(r3'  y'-jn+arva ) .  is-2) 

The  Eq.  (2.1)  is  the  one  which  has  been  used  by  Starr  and 
21,22,24 

White  and  which  will  be  used  throughout  this  paper 

while  expansion  (2.2)  has  been  used  by  Priestley.  "  The 
physical  interpretation  of  each  of  the  terms  in  Eqs .  (2,1) 
and  (2.2)  have  been  discussed  by  Starr  and  White.  In  brief 
the  terms  in  Eq.  (2.1)  may  be  interpreted  as  being  associated 
with  the  following  kinds  of  circulations: 
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a.  The  term  (£cT3}C£v3)  is  a  measure  of  the  flux  of  a  quantity 
a  which  results  when  there  is  a  net  shift  of  mass  across  a  latitude 
circle.  Over  long  periods  of  time  this  term  must  vanish  although 
it  may  be  of  some  importance  over  short  periods.  In  actual  evalua¬ 
tion  from  data,  even  over  long  periods  of  time,  this  term  may  not 
vanish  exactly  because  of  the  inadequacies  of  the  data, 

b.  The  term  (t&J[v"jD  a  measure  of  the  flux  of  a  due  to 
the  existence  of  mean  meridional  circulations. 

c.  The  term  (Cpoto ’ )  la  a  measure  of  the  flux  of  a  associated 
with  instantaneous  meridional  circulations. 

d.  The  term  (£a '  v~3 )  is  a  measure  of  the  flux  of  a  associated 
with  large  scale  horizontal  eddies. 

The  integrals  were  evaluated  from  data  in  accordance 
with  the  following  procedures: 


an ' 


(2.3) 


where  n!  is  the  number  of  observations  on  a  given  day  at  a  given 
level  and  latitude: 


r  1  n' 

LavJ  =  — ,  2  an,  vn,( 

(2.4) 

[a1  v'3  =  [av]  -  [a]  tv)  , 

(2.5) 

£  |CpQ  n  , 

(2.6) 

where  n  is  the  number  of  days  on  which  two  or  more  observations 
are  reported  at  a  given  level  and  latitude: 


-b2u~ 
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where  P1O0O  is  the  sea  level  pressure  considered  to  be  constant 
and  equal  to  1000  mb,  PlQO  is  the  pressure  at  100  mb,  AP  is  the 
increment  of  pressure  for  a  given  layer  for  which  [aj  is  evalu¬ 
ated: 

(tovj  )  -  - — U__ —  I  DKEli  APj.  , 

looo  loo  " 

(2.12) 

([qQIXJ  )  “  (MM )  -  (CcQ)(Cvj). 

In  order  to  secure  some  measure  of  the  statistical  relia¬ 
bility  of  some  of  the  time  averages,  confidence  limits  were 
calculated  and  are  included  in  some  of  the  tables.  These 
limits  are  defined  as  twice  the  standard  error  and  indicate 
approximately  the  95  percent  confidence  level. 

The  space -time  means  represent  averages  over  the 

number  of  days  involved  in  each  case  of  the  daily  space 
averages  [a] .  As  such  these  space-time  ave  ages  are  formed 
by  an  equal  weighting  of  the  daily  values.  Owing  to  the  fact 
that  the  daily  values  M  are  based  upon  a  number  of  observa¬ 
tions  which  may  vary  considerably,  an  equal  weighting  intro¬ 
duces  a  certain  amount  of  artificial Lty  in  the  procedure.  For 
purposes  of  comparison  therefore  the  space -time  averages  were 
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evaluated  by  an  alternative  method  and  computed  as: 

fnj  «  1  U  r  (2.1  j) 

r i  w  \  aN  , 


where  the  braces  indicate  a  space -time  average  of  this  second 
kind,  and  N  represents  the  total  number  of  available  observa¬ 
tions  at  a  given  level  and  latitude  for  the  entire  year.  This 
method  allows  the  formation  of  a  quantity: 

[a'vQ.  =  {a.}  -  (a]{v)  ,  (£>-1“) 

which  in  the  case  of  an  equal  number  of  observations  on  each 
day  would  become  identical  to  the  sum  of  the  transports  of  a 
given  property  by  circulations  of  the  kind  described  in  c) 
and  d)  of  the  preceding  section. 

According  to  the  definitions  of  the  quantities  involved 
it  follows  that  we  may  define  a  correlation  coefficient  be¬ 
tween  a  and  v  as: 


(a,v) 


(2.15) 


6  (a )<S(v)  , 


where  <S  (a)  and<5(v)  are  the  standard  deviations  of  ex  and  v 
respectively  and  defined  as: 

&  (a)  =  'J  {a2}-[a}2  icr(v)  ='T{y2}-{y}-< 

In  the  various  tables  of  the  succeeding  sections  the  quantities 
for  which  tabulations  are  recorded  have  been  defined  and 
evaluated  as  outlined  in  this  section. 

3 •  The  Angular  Momentum  Balance 

On  several  occasions  in  the  past,  the  authors  have  re¬ 
ported  on  the  progress  of  their  investigations  of  the  angular 
momentum  balance  of  the  atmosphere  (Starr  and  White,^1-214  and 
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2  0 

Starr. ^  Previous  reports  ha  discussed  only  c 
prevailing  at  individual  latitudes  In  restricted 
the  hemisphere  for  non -homogeneous  time  periods. 


ondltions 
regions  of 
The  results 


presented  in  this  paper  describe  conditions  over  the  entire 


northern  hemisphere  for  the  full  year  1950*  and  represent 
a  distillation  of  findings  based  upon  some  three  years  of 
investigation  into  this  problem. 

3 • 1  Procedure 

In  studies  of  the  angular  momentum  balance  of  the  atmos¬ 
phere  it  is  of  fundamental  importance  to  arrive  at  an  under¬ 
standing  of  the  manner  in  which  the  atmospheric  circulations 
are  organized  to  bring  about  a  flux  of  this  momentum  from  low 

to  high  latitudes.  The  formulation  of  the  problem  has  been 

18  5  31  1^ 

given  by  Starr*  Bjerknes,  Wldger,  and  Mintz . 

The  total  meridional  transport  of  absolute  angular 
momentum  across  a  latitude  circle  may  be  thought  of  as  the 
sum  of  the  transport  of  relative  angular  momentum  and  the 
transport  of  angular  momentum  due  to  the  earth’s  rotation. 
Since  there  is  no  net  meridional  transport  of  mass  in  the 
atmosphere  in  the  long  run,  the  transport  of  angular  momen¬ 
tum  must  be  brought  about  by  exchange  processes.  Furthermore 
since  the  angular  momentum  due  to  the  earth's  rotation  per 
unit  mass  is  essentially  constant  with  respect  to  elevation  in 
the  atmosphere  at  a  given  latitude,  the  net  effect  of  all  ex¬ 
change  processes  must  be  negligible  as  far  as  this  component 
is  concerned.  It  therefore  follows  that  for  the  purposes  at 
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hand  we  may  omit  this  contribution  and  deal  only  with  the  trans¬ 
port  of  relative  angular  momentum.  Also,  owing  to  the  fact  that 
the  distance  from  the  earth's  axis  varies  percentually  only  very 
slightly  with  elevation  in  the  atmosphere  at  a  given  latitude,  the 
transport  of  relative  angular  momentum  is  given  by  the  transport 
of  relative  linear  momentum  except  for  a  constant  factor.  For 
these  reasons  the  investigation  of  the  balance  requirement  as  out¬ 
lined  in  Eq.  (1.1)  is  equivalent  to  the  problem  of  investigating 
the  nature  of  the  term  (  QivJ )  where  u  is  the  relative  eastward 
component  of  velocity.  According  to  Eq.  (2.1)  the  problem  is  to 
determine  the  magnitudes  of  the  various  terms  in  the  relation: 

(  Cuv3  )  =  (  Qi3)  { fyj )  +  (Cuj'ifvj')  +  (M'Cvj')  +  (Cu'v'j) 

3.2  Results 

The  results  of  evaluation  of  the  terms  in  expansion  (3.0) 

are  given  in  Tables  11-15  which  are  of  exactly  the  same  form  as 

21  22  24 

those  previously  presented  by  Starr  and  White.  3  3  In  addition 

certain  supplementary  Tables  16-18  showing  the  meridional  profiles 
of  various  quantities  are  given.  One  final  compilation.  Table  19, 
represents  the  distil] ation  from  this  vast  array  of  data  of  the 
magnitudes  of  the  flux  of  angular  momentum  associated  with  each  of 
the  terms  in  Eq.  (3.0). 

3.3  Meteorological  implications 

l6-l8 

Assuming  the  representativeness  of  the  data  in  Tables 
it  is  possible  to  make  the  following  important  inferences: 


-624- 


a.  In  Table  19,  the  mean  rate  of  flux  of  angular  momentum 
across  various  latitude  circles  by  the  physical  processes  set 
forth  in  Eq.  (3.0)  is  given.  The  outstanding  feature  here,  as 
it  was  in  previous  data  compilations  of  this  type.  Is  the  over¬ 
whelming  Importance  of  the  flux  of  eastward  angular  momentum  of 
the  atmosphere  by  the  large  scale  horizontal  eddies,  as  com¬ 
pared  with  the  flux  by  the  mean  meridional  circulations.  This 

is  the  principal  result  of  these  investigations  and  is  in  ac- 

18 

cord  with  the  concepts  originally  proposed  by  Starr. 

The  magnitude  of  the  flux  by  the  horizontal  eddies  is 
again  demonstrated  by  this  sample  of  data  to  be  sufficient  to 
account  for  the  drain  of  such  momentum  by  surface  torques  in 
the  westerlies  according  to  the  best  estimates  which  can  at 

/  X  16 

present  be  made  of  K^,  (Priestley)  . 

The  necessary  conclusion  is  that  other  agencies  of  trans- 
portmust  be  either  of  negligible  Importance  or  by  fortunate 
circumstance  strangely  compensating.  The  evidence  in  Table  19 
indicates  that  the  first  of  these  possibilities  must  be  proper. 

Over  long  periods  of  time  the  momentum  flux  due  to  the 
net* shift  of  mass  across  latitude  circles  must  vanish.  It  is 
only  because  of  the  Inadequacies  of  the  data  that  a  measurable 
flux  is  obtained.  A  more  realistic  measure  of  the  total  flux 
of  momentum  would  perhaps  be  represented  by  the  difference  be¬ 
tween  the  third  and  fourth  rows  of  Table  19 .  This  "adjusted 
total"  is  given  in  the  last  column. 
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The  features  of  the  distribution  of  the  intensity  of  lori- 

zontal  eddy  fluXjWith  elevation  and  latitude,  are  given  in 

Table  18  and  they  are  substantially  the  same  as  those  pointed 

21  22  24 

out  by  Starr  and  White,  *  J  for  tropical  and  subtropical 

latitudes.  In  middle  and  high  latitudes  the  distribution  is 

not  unexpected  and  conforms  to  previously  stated  ideas 
/  18 

(Starr).  The  principal  point  concerns  the  equatorward  flux 
of  momentum  across  70°N  which  is  associated  with  the  surface 
polar  easterlies , 

b.  The  intensity  of  the  mean  meridional  circulations  in 
the  atmosphere  is  usually  inferred  indirectly  by  consideration 
of  the  effects  which  they  are  thought  to  produce.  Direct 
measures  of  such  cellular  circulations  have  never  been  ob¬ 
tained.  It  would  be  an  achievement  to  state  that  the  measure¬ 
ments  of  the  mean  net  meridional  component  of  motion  shown  in 
Table  17  and  in  Tables  11-15,  column  do  indeed  represent 
direct  measures  of  such  circulations.  Unfortunately  these 
measures  cannot  be  taken  at  their  face  value  in  view  of  the 
possible  biases  existing  within  the  data  and  because  of  the  ratio 
cf  the  magnitude  of  the  standard  deviation  in  the  northward 
component  of  the  wind  to  the  observed  mean  values,  as  indicated 
in  Table  17. 

However,  these  measurements  do  offer  important  indirect 
evidence  concerning  the  mean  meridional  circulations  which  are 
none  the  less  of  fundamental  importance.  The  most  outstanding 
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feature  of  the  measurements  is  that  in  general ,  the  values  of 
are  quite  small.  In  a  statistical  sample  of  thl3  size  one 
would  expect  that  any  sizable  mean  meridional  circulation  would 
be  reflected  in  the  data.  The  strong  suggestion  therefore  Is 
that  any  mean  meridional  circulations  which  exist  probably 
possess  an  order  of  magnitude  less  than  1  m  sec 

c.  The  zonal  wind  velocity  profile  as  evaluated  from  these 
data  are  shown  in  Table  16.  Since  these  evaluations  are  based 
upon  actual  wind  measurments  rathei  ;han  geostrophic  approxi¬ 
mations  they  possess  an  intrinsic  value.  Aside  from  this  point, 
however,  one  of  the  major  conclusions  drawn  from  this  table 
concerns  the  vertically  averaged  values  of  the  zonal  winds. 

The  Indications  show  that  the  mass  of  the  atmosphere  between 
the  surface  and  100  mb  and  poleward  of  13°N,  possesses  a  mean 
drift  eastward  relative  to  the  surface  of  the  earth.  This 
mean  relative  rotation,  in  the  face  of  the  drag  of  the  earth's 
surface,  raises  a  question  of  fundamental  importance  concern¬ 
ing  the  maintenance  of  this  westerly  drift.  Angular  momentum 
considerations  cannot  answer  this  question  for  the  only  informa-* 
tlon  which  such  considerations  will  yield  is  the  fact  that 
there  must  exist  a  balance  of  surface  torques.  If  we  are  to 
consider  the  hemisphere  to  be  a  mechanically  closed  system. 

The  answer  to  this  question  must  be  sought  in  a  considera¬ 
tion  of  the  balance  of  the  kinetic  energy  of  this  component  of 
motion.  It  is  not  difficult  to  derive  an  appropriate  mechanical 
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energy  equation;  this  has  been  done  by  many  authors  and  recently, 

27 

for  example,  by  Van  Mieghem,  In  this  form  of  the  mechanical 
energy  equation  one  of  the  physical  processes  which  must  be  con¬ 
sidered  among  others,  concerns  the  work  done  by  the  large  scale 
horizontal  eddies  in  generating  or  dissipating  this  type  of 
energy.  Ihe  rate  of  generation  of  this  type  of  energy  is  measured 
by  the  volume  integral  over  the  entire  hemisphere  of  the  product 
of  the  large  scale  horizontal  eddy  stress  and  the  meridi¬ 
onal  gradient  of  the  mean  relative  angular  velocity.  As  pointed 
20 

out  by  Starr  from  evaluations  of  this  term  from  several  inde¬ 
pendent  data  sources,  enough  mechanical  energy  of  mean  rotation 
is  generated  by  the  horizontal  eddies  to  account  for  the 
estimated  dissipation  by  surface  friction.  In  these  data  the 
reflection  of  this  condition  lies  in  the  comparison  of  the  dis¬ 
tribution  o'.:  the  horizontal  eddy  flux  of  momentum  and  or  the 
zonal  winds.  Tables  16  and  18.  It  will  be  noted  that  as  far 
poleward  as  42°N  the  flux  of  momentum  proceeds  In  the  direction 
of  stronger  westerly  winds.  This  being  so,  it  appears  that  we 
must  revise  our  fundamental  concepts  about  the  maintenance  of 
the  general  circulation  of  the  atmosphere,  at  least  insofar  as 
we  desire  to  seek  an  explanation  of  the  mean  westerly  drift. 

The  suggestion  here  Is  that  the  kinetic  energy  of  the  mean 
westerly  rotation  is  maintained  by  a  conversion  from  the  kinetic 
energy  of  the  large  scale  disturbances.  The  further  implication 
is  that  the  primary  thermal  drive  of  the  atmosphere  manifests 
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Itself  In  the  generation  of  individual  disturbances  and  not  in  the 
generation  of  simple  convective  mean  meridional  circulations. 

3.4  Critical  remarks 

The  deficiencies  inherent  in  compilations  of  this  type  have 

21 

beer,  explored  by  Starr  and  White,  and  for  the  most  part  the  pre¬ 
sent  data  contain  exactly  the  same  drawbacks.  A  simple  enumera¬ 
tion  of  these  difficulties  will  suffice,  the  reader  being  referred 
to  the  references  for  a  detailed  discussion: 

a.  The  geographic  sampling  with  respect  to  longitude  is  de¬ 
termined  by  the  location  of  stations.  The  representativeness  of 
the  data  for  the  entire  hemisphere  is  questionable  at  some  lati¬ 
tudes.  Coverage  over  Asia  and  the  Pacific  is  particularly  bad, 
especially  in  the  upper  troposphere. 

b.  The  data  are  presented  as  representations  at  certain 

mean  latitudes.  The  stations  used  for  any  given  latitude  cover  an 
appreciable  zonal  belt  as  can  be  seen  from  Tables  1-5  and  Pig.  1. 

c.  The  randomness  with  respect  to  the  mean  troughs  and 
ridges  in  the  streamline  pattern  may  be  affected  by  the  location 
of  the  observing  stations.  The  general  smallness  of  the  net  mean 
meridional  motions  suggests  that  this  effect  is  not  too  pronounced. 

d.  Although  radio  wind  soundings  have  been  U3ed  wherever  avail¬ 
able  to  eliminate  bias  with  respect  to  weather  conditions,  such 
observations  are  biased  in  favor  of  light  winds. 

e.  The  contributions  above  100  mb  and  in  the  layer  from  the 
surface  to  1000  mb  In  middle  latitudes  have  not  been  evaluated. 
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In  addition,  because  of  the  irregularities  of  the  earth’s  surface, 
a  certain  fictitious  component  is  introduced  in  the  lowest  levels 
where  the  surface  of  the  earth  rises  above  the  1000  mb  level.  At 
13°N  a  similar  difficulty  arises  since  evaluations  have  been  made 
only  between  2,000  and  55,000  ft. 

f.  At  13°N  where  evaluations  were  made  at  constant  levels,  a 
constant  standard  atmosphere  density  was  used  in  vertical  integra¬ 
tions  . 

g.  In  general  the  availability  of  data  at  the  highest  levels 
is  considerably  poorer  than  that  at  the  lower  levels  and  hence  less 
reliable . 

4.  The  Water  Balance  of  the  Atmosphere 

In  a  manner  analogous  to  the  investigation  of  the  angular 
momentum  balance  we  may  study  the  atmospheric  water  balance.  In 
the  same  sense  that  the  angular  momentum  considerations  represent 
a  constraint  on  the  general  circulation,  the  water  balance  repre¬ 
sents  a  similar  consistency  requirement  for  the  general  circula¬ 
tion.  The  necessity  for  a  transport  of  water  in  the  atmosphere 
arises  from  the  fact  that  in  certain  latitude  belts, there  exists 
an  excess  of  precipitation  over  evaporation  with  reverse  conditions 
prevailing  at  other  latitude  belts.  For  the  most  part  those  regions 
with  an  excess  of  evaporation  over  precipitation  lie  in  the  sub¬ 
tropics  while  those  regions  with  an  excess  of  precipitation  over 
evaporation  lie  in  mid-latitude  and  polar  areas.  Over  long  periods 
of  time  the  amount  of  precipitable  water  in  the  atmosphere  does 
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not  change  and  the  deficits  and  excesses  of  precipitation  over 
evaporation  must  be  made  up  by  the  transport  of  water  by  the 
atmospheric  circulations.  How  such  transports  are  accomplished, 
and  the  magnitude  of  such  transports,  will  be  discussed  In  sec¬ 
tion  4.1. 

4.1  Procedure 

The  evaluation  of  the  left  hand  side  of  expression  (1.2) 
proceeds  in  a  manner  exactly  analogous  to  that  for  the  angular 
momentum  balance  except  for  the  following  considerations: 

a.  The  transport  of  water  by  the  atmospheric  circulations 
may  occur  in  either  solid  or  liquid  form  and  also  in  vapor  form. 

For  the  purposes  of  the  current  study  only  the  transport  in  vapor 
form  will  be  considered,  it  being  highly  probable  that  the  trans¬ 
port  in  liquid  and  solid  form  is  small  in  comparison.  To  this 
degree  of  approximation,  expression  (1.2)  may  be  written  as: 

-rJ'Cl  <avdxdtdp » ) ,  (4-0) 

where  q  i3  the  specific  humidity.  The  problem  of  evaluating  the 
transport  of  water  in  the  atmosphere  then  reduces  to  the  problem 
of  investigating  the  relative  magnitudes  of  the  terms  in  the 
expression: 

(£qv3)=(  Lq])  (  Cv3)  +  (CqjCv3)+(  tqltvj'  )  +  (tq'  vO  )  .  ^ 

b.  The  measurements  of  specific  humidity  were  obtained  from 
observations  of  temperature  and  dewpoint  at  the  various  stations 
and  levels.  In  the  radiosonde  observations,  at  certain  combina¬ 
tions  of  temperature  and  humidity,  a  phenomenon  called  "motorboating" 
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occurs.  Below  these  limits  the  evaluation  of  the  dewpoint  is  not 

possible  and  hence  the  specific  humidity  is  unobtainable.  However 

when  ’’motorboating"  occurs  the  approximate  maximum  values  of  the 

dewpoint  for  specified  temperatures  is  given.  (See  Radiosonde 

.  26 

and  Rawinsonde  code) .  In  this  investigation  therefore  whenever 
''motorboating"  occurred,  the  dewpoint  was  assumed  to  be  the  maximum 
for  the  given  air  temperature  as  specified. 

c.  Because  of  the  low  moisture  content  above  5^0  mb,  and 
also  because  ’’motorboating  is  most  frequent  above  this  level,  the 
computations  were  restricted  to  the  standard  pressure  levels  up  to 
and  including  the  500  mb  level.  The  effects  of  this  procedure  on 
the  results  will  be  discussed  in  a  subsequent  section 

d.  The  computations  were  carried  out  at  the  four  northerly 
latitudes  3l°N,  42.5°N,  55°N,  and  70°N. 

e.  The  estimates  of  Kg  were  derived  from  data  covering  the 

evaporation  and  precipitation  over  the  northern  hemisphere  origi- 

32  7 

nally  given  by  Wust  and  modified  by  Conrad  and  again  by 
4 

Benton.  The  process  of  estimating  Kg  is  accomplished  by  deter¬ 
mining  the  difference  between  the  precipitation  and  evaporation 
for  given  latitude  belts  and  assuming  that  this  difference  is 
balanced  by  a  flux  of  water  in  the  atmosphere, 

4 .2  Results 

The  basic  results  are  presented  in  Tables  20-23  for  the  vari¬ 
ous  latitudes.  These  tables  are  of  the  same  form  as  the  tables 
summarizing  the  angular  momentum  data  in  the  previous  section. 
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In  addition  a  summary  Table  24  is  presented  in  which  the  flux 
of  moisture  by  the  various  kinds  of  atmospheric  circulations  are 
compared  with  estimated  requirements. 

4.5  Meteorological  Implications 

Certain  general  descriptive  comments  regarding  the  water  vapor 
transport  processes  in  the  atmosphere  are  as  follows; 

a.  Unlike  the  angular  momentum  the  maximum  flux  of  water  vapor 
occurs  close  to  the  ground  falling  off  rapidly  with  height. 

b.  These  transport  processes  appear  to  be  dominated  by  the 
horizontal  eddies  in  the  atmosphere  at  the  latitudes  which  have 
been  selected  for  study. 

c.  The  latitudinal  variation  In  the  total  water  vapor  flux 
appears  to  show  a  maximum  around  42.5°N  although  that  part  due  to 
the  horizontal  eddies  appears  to  increase  to  the  equatorward  limits 
of  the  data. 

d.  The  values  of  both  the  total  and  horizontal  eddy  flux 
possess  95  percent  confidence  limits  which  exclude  zero  in  all 
cases . 

e.  The  degree  to  which  these  data  satisfy  estimated  balance 
requirements  can  be  determined  from  Table  24.  Columns  1  and  2 
represent  two  different  estimates  of  the  magnitudes  of  the  required 
fluxes.  The  remaining  columns  represent  the  vertically  Integrated 
flux  of  water  across  various  latitude  circles  by  atmospheric  ircu- 
lations  of  various  kinds.  The  comparison  with  estimated  require¬ 
ments  Indicates  very  favorable  agreement  at  most  latitudes.  The 
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last  column  of  Table  24  is  included  for  the  purpose  of  comparison 
and  represents  the  results  of  an  investigation  of  the  water  vapor 

4 

flux  over  the  North  American  continent  by  Benton, 

f.  If  the  transports  of  water  vapor  given  in  Table  24  are 
expressed  in  units  of  energy  by  multiplying  each  value  by  the  latent 
heat  of  water  vapor  (approx.  600  cals/gm)  one  may  obtain  a  measure 
cf  the  energy  amount  that  is  transported  poleward  in  latent  form 
by  the  various  processes.  Since  this  point  will  be  discussed  in 
greater  detail  in  the  next  section  suffice  to  point  out  here  that 
the  fractions  of  the  total  required  energy  flux  represented  by 
these  data  is  considerable  and  at  J1°N  represents  more  than  50  per¬ 
cent  of  the  required  total  energy  flux.  The  efficiency  of  this  form 
of  energy  transport  is  therefore  quite  remarkable  and  one  might 
speculate  on  the  intensity  of  the  circulation  which  would  be  required 
to  transport  the  latent  energy  represented  here  in  the  form  of  sens¬ 
ible  heat. 

4.4  Critical  remarks 

For  the  most  part,  those  critical  remarKS  made  in  reference 
to  the  study  of  the  angular  momentum  balance  are  also  applicable 
here.  A  few  supplementary  remarks  should  be  made  however. 

a.  Since  the  evaluations  were  made  for  the  lower  half  of  the 
atmosphere  the  magnitudes  of  the  water  vapor  fluxes  are  probably 
slightly  underestimated.  However  because  of  the  rapid  decrease  in 
the  water  vapor  content  with  height  this  factor  is  not  thought  to 
be  too  serious . 
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b.  Because  most  observations  are  located  over  land  areas,  the 
ocean  areas  where  there  exists  a  higher  moisture  content  may  have 
been  insuf ficiently  sampled.  It  Is  difficult  to  estimate  the 
effects  of  this  condition. 

c .  One  fortunate  consideration  present  in  this  study  as 
contrasted  with  the  angular  momentum  study  is  that  the  data  for  the 
lower  atmosphere  where  the  principal  flux  occurs  are  relatively 
more  plentiful  than  they  are  for  the  higher  atmosphere  where  the 
maximum  flux  of  momentum  occurs. 

d.  The  effect  of  assuming  that  the  dewpoint  takes  on  the 
maximum  possible  value  when  ’’motorboating"  occurs  is  probably  co 
underestimate  the  flux.  This  is  probably  true  since  motorboating 
occurs  with  low  humidities  and  such  humidities  will  tend  to  be 
found  more  often  in  northerly  than  in  southerly  currents,  thereby 
reducing  the  correlation  between  wind  direction  and  humidity. 

e.  Because  the  surface  pressure  has  been  assumed  to  be  con¬ 
stant  at  1000  mb  a  certain  fictitious  component  enters  the  compu¬ 
tation  where  surface  topography  extends  above  this  level.  This  is 
a  more  serious  matter  than  in  consideration  of  the  angular  momen¬ 
tum  flux  since  the  maximum  flux  occurs  near  the  ground  level.  It- 
is  difficult  to  estimate  the  effects  of  this  consideration  on  the 
computations,  except  that  it  tends  to  cause  an  overestimation  of 
the  flux. 

5 .  The  Energy  Balance  of  the  Atmosphere 

In  the  past  several  year3  the  second  author  of  this  paper  has 

reported  on  various  studies  of  the  energy  flux  in  the  atmosphere 
,  .  28-30 

(White) .  For  the  most  part  these  Investigations  were  restricted 
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In  their  geographical  extent,  length  of  time,  and  did  not  extend 
through  the  entire  vertical  depth  of  the  atmosphere.  The  Investi¬ 
gation  described  in  section  5*1  undertakes  to  examine  the  energy 
flux  for  the  entire  northern  hemisphere  for  one  entire  year,  1950. 
Tills  investigation  represents  a  completed  phase  of  a  much  broader 
investigation  into  energy  transfer  processes . 

5.1  Procedure 

We  wish  to  evaluate  the  magnitudes  of  the  various  teimis 
appearing  in  the  expanded  form  of  Eq.  (1.5).  The  investigation  of  the 
energy  balance  is  considerably  more  complicated  than  that  of  either 
the  angular  momentum  or  water  balance .  This  is  due  to  the  fact 
that  the  energy  may  be  transferred  in  many  forms  Including  a  trans¬ 
fer  by  means  of  pressure  forces.  It  Is  therefore  necessary  to  elab¬ 
orate  the  nature  of  the  energy  transfer  processes  further. 

The  flux  of  total  energy  in  the  atmosphere  has  been  discussed 
19 

by  Starr.  He  has  shown  that  a  close  approximation  Is  given  by 
the  expression: 


g 


rP0  ($1  pPo  rfcl 

Jo  J  Jo  Evdxdtdp  *  .1  J  J  J  (CpT  +  qL+gz) vdxdtdp. 


(5*0) 


which  3tatee  that  the  total  energy  flux  may  occur  in  the  form  of 
sensible  heat  (CpT),  latent  heat  (qL)  and  potential  energy  (gz) . 

In  Eq.  (5*0)  the  transfer  of  the  kinetic  energy  of  existing  motions 
has  been  neglected  as  being  of  negligible  magnitude  compared  with 
the  other  modes  of  energy  transfer.  The  discussion  of  the  transfer 
of  latent  energy  which  is  proportional  to  the  water  vapor  transfer 


has  been  presented  in  the  previous  section  and  will  be  elaborated 
further  in  a  subsequent  part  of  this  section.  The  evaluation  of 
the  remaining  terms  is  simplified  since  the  geopotential  is  con¬ 
stant  at  a  given  elevation  and  hence  there  can  be  no  transfer  of 
potential  energy  by  processes  which  involve  correlations  between 
the  geopotential  and  any  horizontal  component  of  the  wind  at  that 
level.  It  is  sufficient  therefore  to  attempt  the  evaluation  of 
the  remaining  terms  which  reduces  to  the  problem  of  evaluating  the 
expression: 

_  _  _  _  _  _  _ t _ /  (5*1) 

(CTj)(iiva)+(fiiirvn+(tn'rvj)+(rT'v'3)+(cz3)(Cv})+(cznv3). 

the  problem  introduced  by  the  necessity  for  the  evaluation  of  the 

* 

last  two  terms  in  (5-1)  is  almost  insurmountable  and  renders 
the  true  evaluation  of  the  total  energy  flux  extremely  difficult. 
These  last  two  terms  can  be  regarded  as  transfers  of  "height”  . 
Because  this  property  of  the  atmosphere  goes  to  infinity  with  ele¬ 
vation,  the  transfer  of  energy  in  this  form  becomes  at  best  indeter¬ 
minate.  Actually  the  next  to  the  last  term  offers  little  difficulty 
since  over  long  periods  of  time  there  can  be  no  net  mass  shift  and 
the  transfer  of  potential  energy  by  this  process  must  vanish.  This 
leaves  only  the  meridional  cell  term  which  Involves  the  correlations 
of  net  meridional  velocity  at  given  levels  and  "height"  as  a  major 
difficulty.  It  is  apparent  that  the  entire  character  of  the  energy 
flux  is  dependent  upon  the  actual  magnitude  of  this  term,  and  with¬ 
out  complete  and  accurate  data  to  the  top  of  the  atmosphere,  evalua¬ 
tion  of  this  form  of  energy  transfer  is  meaningless. 
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As  a  consecruence  of  this  feature,  the  evaluations  of  tne 
sensible  heat  flux  by  mean  celluar  circulations  likewise  becomes  mean¬ 
ingless  since  the  mean  cellular  flux  of  potential  energy  Is  always 
accompanied  by  an  oppositely  directed  flux  of  sensible  heat.  In¬ 
deed  it  can  be  shown  that  the  mean  cellular  flux  of  potential 
energy  is  exactly  cancelled  by  the  oppositely  directed  flux  of 
sensible  heat  in  an  adiabatic  atmosphere. 

It  appears  therefore  that  our  data  are  sufficient  only  to 
evaluate  the  flux  of  energy  by  horizontal  eddy  exchange  processes. 

We  may  then  inquire  about  the  magnitude  of  these  horizontal  eddy 
exchange  processes  and  the  degree  to  which  they  account  for  re¬ 
quired  balances. 

One  additional  feature  complicates  this  picture.  If  the 
balance  requirements  to  be  satisfied  are  taken  to  be  those  pre- 

* 

scribed  by  radiational  balance  studies,  then  the  transport  of  energy 

within  the  oceans  also  enters  into  consideration.  No  attempt  is 

made  here  to  evaluate  this  ocean  energy  flux,  but  note  should  be 

10 

taken  of  a  recent  study  by  Jung  on  this  matter. 

The  estimates  of  the  total  required  energy'  flux,  Kj,  on  the 
basis  of  radiation  requirements  have  been  made  by  many  investi¬ 
gators.  Their  results  are  widely  varying  and  for  the  sake  of  com- 

g 

pleteness  four  such  estimates  are  given  here,  made  by  Bjerknes 

1  2 

based  upon  an  investigation  by  Albrecht,  Baur  and  Phillips, 

Gabites,^  and  London,11  the  reader  being  referred  to  the  original 
papers  for  details  of  3uch  estimates. 
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5.2  Results 

The  results  of  the  computations  of  the  sensible  heat  flux  with¬ 
in  the  atmosphere  are  presented  In  Tables  25-28.  The  results  of  the 
computations  of  the  latent  heat  flux  which  is  proportional  to  the 
flux  of  water  vapor,  have  been  presented  in  Tables  20-24.  A 
supplementary  table |29) presents  energy  flux  requirements  and  the 
measured  edciy  energy  flux  within  the  atmosphere  by  the  horizontal 
eddy  processes. 

5-5  Meteorological  implications 

It  has  been  pointed  out  that  the  problem  of  the  energy  bal¬ 
ance  of  the  atmosphere  is  considerably  more  complicated  than  the 
balances  of  the  other  quantities  considered  in  the  previous  sec¬ 
tions.  The  meteorological  implications  which  one  may  draw  from 
this  array  of  data  are  therefore  conditioned  by  the  limitations  of 
the  data  and  the  complexities  of  the  problem: 

a.  The  data  in  Tables  25-28  and  Table  29  reveal  certain 
prominent  characteristics  of  the  poleward  eddy  flux  of  sensible 

p  P  O  Q 

heat  which  have  been  noted  in  previous  Investigations  (White,  ’  * 

.  14 

Mintz  .  One  of  these  concerns  the  location  of  the  latitude  of 
maximum  poleward  eddy  flux  of  sensible  heat  which  is  found  to  occur 
in  this  investigation  slightly  north  of  50°N.  Radiation  flux  re¬ 
quirements  as  indicated  In  Table  29  show  that  the  maximum  poleward 
flux  of  total  energy  occurs  closer  to  latitude  40°N. 

If  the  estimates  of  the  required  fluxes  are  correct^  at  least 
insofar  as  the  location  of  the  latitude  of  maximum  total  energy' 
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flux  is  concerned,  then  mechanisms  other  than  the  eddy  sensible 
heat  flux  of  energy  transport  must  be  active  to  the  south  of  this 
latitude .  According  to  the  data  of  Table  29,  the  transport  of 
energy  in  latent  form  by  eddy  processes  can  account  for  this  trans¬ 
port.  Other  modes  of  energy  transfer  which  may  be  of  some  impor¬ 
tance,  concern  the  flux  due  to  mean  meridional  circulations  (for 
which  the  data  at  hand  are  inadequate)  and  the  flux  within  the 
oceans . 

b.  The  percentages  of  the  total  eddy  energy  flux  accomplished 
In  latent  and  sensible  heat  form  may  be  deduced  from  the  data  of 
Table  29.  Although  the  latent  energy  flux  comprises  a  large  frac¬ 
tion  of  the  total  at  all  latitudes  it  is  greatest  at  latitude  31°N 
where  it  accounts  for  more  than  50  percent  of  the  evaluated  total. 

c.  The  variation  of  the  eddy  flux  intensity  of  sensible  heat 

with  elevation,  as  indicated  in  Tables  25-28,  at  almost  all  lati- 

15 

tudes,  reveals  a  feature  first  noticed  by  Priestley  and  again  by 

28 

Mintz,  but  which  was  not  Indicated  in  a  study  by  White  for  the 
North  American  continent.  If  we  exclude  the  1,000  mb  level  from 
consideration.  It  being  too  easily  rendered  unrepresentative  be¬ 
cause  of  local  conditions,  it  Is  noted  that  the  horizontal  eddy 
flux  of  sensible  heat  has  a  maximum  at  the  lowest  levels,  decreasing 
through  midtroposphere  and  reaching  a  secondary  maximum  at  about 
the  200  mb  level.  The  existence  of  a  poleward  eddy  flux  of  sensible 
heat  at  levels  of  200  and  100  mb,  when  considered  in  conjunction 
with  the  meridional  gradient  of  temperature  (see  column  2,  Tables 
25-28)  which  Is  reversed  at  these  levels,  reveals  a  condition  in 


which  eddy  processes  act  to  build  up  rather  than  dissipate  the  mean 
meridional  temperature  gradient.  A  similar  condition  with  regard 
to  the  angular  momentum  balance  was  noted  in  a  previous  section. 

In  view  of  these  conditions  we  must  begin  to  realize  that  genera¬ 
tive  as  well  as  dissipative  large  scale  eddies  are  common  atmos¬ 
pheric  phenomena: 

d.  The  comparison  between  various  balance  requirement 
estimates  and  the  computed  fluxes  of  energy  are  given  in  Table  29. 

It  is  to  be  noted  that  estimates  of  the  flux  requirements  vary 
considerably.  It  is  not  possible  to  specify  which  is  most  reliable. 
The  last  column  of  this  table  gives  the  total  eddy  flux  of  energy 
in  the  form  of  latent  and  sensible  heat.  It  appears  that  at  all 
latitudes  studied  the  poleward  energy  flux  as  evaluated  from  wind, 
temperature,  and  moisture  data  appears  to  satisfy  balance  require¬ 
ments,  at  least  as  far  as  the  accuracy  of  the  requirement  estimates 
permit.  It  follows  on  the  basis  of  these  data  that  other  modes  of 
poleward  energy  transfer  must  either  be  small  in  comparison  or 
compensate  one  another . 

5.^  Critical  remarks 

The  critical  remarks  of  section  in  reference  to  the  angular 
momentum  balance  are  also  applicable  here. 
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Table  1.  List  of  keystations  (numbered)  and  alternates.  Mean  latitude 
of  key  stations  13“N. 


Station 

Latitude 

Longitude 

Altitude 

(ft)  Type 

Gao 

16° 

16'» 

00 

03 'W 

899 

pilot  balloon 

Agadez 

ie 

59 

07 

59  E 

1706 

ft 

Niamey 

13 

31 

02 

26  E 

755 

t» 

Birni  N'Koni 

13 

48 

05 

15  E 

9  68 

tl 

Zinder 

13 

48 

09 

00  E 

1604 

•  1 

Neaa 

16 

36 

07 

16  W 

892 

«• 

Mopti 

14 

30 

04 

12  W 

906 

»• 

aegou 

13 

24 

06 

09  W 

961 

II 

Kano 

12 

02 

08 

32  E 

1561 

ft 

Minna 

09 

37 

06 

32  E 

853 

•• 

Kandi 

11 

08 

02 

56  E 

961 

li 

Mango 

10 

21 

00 

30  E 

525 

M 

Tamale 

09 

25 

00 

53  W 

604 

•* 

Ouagadougou 

12 

22 

01 

31  W 

984 

tt 

Bobo~D 1 ou 1 as s o 

11 

10 

04 

18  W 

1404 

♦t 

El  Fasher 

13 

37 

25 

20  E 

2395 

tv 

Karima 

18 

33 

31 

51  E 

820 

II 

Atbara 

17 

42 

33 

58  E 

1142 

ft 

Khartoum 

15 

36 

32 

33  E 

1263 

II 

Geneina 

13 

29 

22 

27  E 

2641 

v« 

El  Obeid 

13 

10 

30 

14  E 

1887 

It 

Kostl 

13 

10 

32 

40  E 

1253 

>v 

Malakal 

09 

33 

31 

39  E 

1276 

It 

Wau 

07 

42 

28 

01  E 

1440 

It 

Aden  (Khormaksar) 

12 

50 

45 

01  E 

3 

radio  wind 

Aden  (Sheikh  Othman) 

12 

53 

44 

58  E 

33 

pilot  balloon 

Riyan 

.14 

39 

49 

23  E 

46 

it 

Kama ran  Island 

15 

20 

42 

37  E 

20 

ft 

Asmara 

15 

17 

38 

55  E 

— 

tl 

Massawa 

15 

36 

39 

28  E 

— 

ft 

Assab 

13 

01 

42 

43  E 

— 

tl 

Djibouti 

11 

36 

43 

09  E 

23 

it 

Berbera 

10 

26 

45 

01  E 

— 

Hargeisa 

09 

30 

44 

05  E 

— 

•  1 

Trichinopoly 

10 

49 

78 

42  E 

256 

Madras 

13 

04 

80 

15  E 

52 

Bangalore 

12 

58 

77 

35  E 

3022 

It 

Mangalore 

12 

52 

74 

51  E 

72 

Anantapur 

14 

41 

77 

37  E 

1148 

Trivandrum 

08 

29 

76 

57  E 

200 

Cochin 

09 

58 

76 

14  E 

10 

If 

Vengurla 

15 

55 

73 

40  E 

— 

tl 

Masulipatam 

16 

11 

81 

08  E 

10 

Nagercoil 

08 

11 

77 

26  E 

112 

Minicoy 

08 

18 

73 

00  E 

10 
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Table  1.  (Continued) 


Station 

Latitude 

Longitude 

Altitude 

(ft)  Type 

5.  Port  Blair 

11° 

40 '  N 

992° 

43 

*E 

262 

pilot  balloon 

Sandoway 

18 

28 

94 

21 

E 

30 

«t 

Basse  in 

16 

46 

94 

46 

E 

13 

It 

Mingaladon 

16 

54 

96 

11 

E 

92 

t» 

Tavoy 

14 

06 

98 

13 

E 

112 

ft 

Mergui 

12 

26 

98 

36 

E 

66 

ft 

Victoria  Point 

09 

58 

98 

35 

E 

122 

tl 

Penang 

05 

18 

100 

16 

E 

12 

*t 

6.  Saigon 

10 

49 

106 

40 

E 

30 

It 

Phnom-penh 

11 

33 

104 

55 

E 

39 

ft 

Tourane 

16 

02 

108 

12 

£ 

26 

ft 

Pattle 

16 

33 

111 

37 

E 

20 

•  T 

Seno 

16 

40 

105 

00 

E 

603 

It 

7.  Clark  Field 

15 

10 

120 

34 

E 

644 

radio  wind 

Laoag 

18 

11 

120 

32 

E 

12 

pilot  balloon 

Baguit. 

16 

25 

120 

36 

E 

4859 

•  t 

Sangley  Point 

14 

30 

120 

55 

E 

8 

II 

Legaspi 

13 

08 

123 

44 

E 

57 

ft 

Puerto  Princesa 

09 

45 

118 

44 

E 

47 

It 

Cuyo 

10 

51 

121 

02 

E 

9 

ft 

Cebu 

10 

20 

123 

54 

E 

138 

H 

Surigao 

09 

48 

125 

30 

E 

67 

It 

8 .  Yap 

09 

29 

138 

08 

E 

— 

radio  wind 

Peleliu  Island 

07 

00 

134 

15 

E 

— 

pilot  balloon 

n.  Harmon  Field 

13 

31 

144 

4S 

E 

176 

radio  wind 

North  Field 

13 

34 

144 

55 

E 

526 

pilot  balloon 

Saipan 

15 

19 

145 

44 

E 

— 

It 

Truk 

07 

15 

151 

50 

E 

— 

ft 

Tinian 

14 

59 

145 

36 

E 

— 

It 

10.  Kwajalein 

08 

43 

167 

44 

E 

10 

It 

Eniwetok  Atoll 

11 

21 

162 

21 

E 

21 

pilot  balloon 

Ponape 

06 

50 

158 

12 

E 

— 

M 

Wake  Island 

19 

18 

166 

37 

E 

— 

radio  wind 

Majuro 

07 

06 

171 

24 

E 

— 

pilot  balloon 

Roi 

09 

24 

167 

26 

E 

— 

tt 

11.  Johnson  Island 

16 

44 

169 

31 

W 

20 

radio  wind 

12.  Hilo 

19 

44 

155 

04 

W 

33 

ft 

13.  Veracruz 

19 

12 

96 

08 

w 

10 

pilot  balloon 

Tacubaya 

19 

24 

99 

12 

w 

7579 

•  I 

Mexico  City 

19 

26 

99 

08 

w 

7340 

t* 

Ciudad  del  Carmer 

18 

39 

91 

49 

w 

5 

It 

Swan  Island 

17 

24 

83 

56 

w 

35 

** 

14.  Albrook  Field 

08 

58 

79 

33 

w 

21 

radio  wind 

Plato  Magdalena 

09 

48 

74 

48 

w 

190 

t* 

Table  1.  (Continued) 


Station 

Latitude 

Longitude 

Altitude 

(ft)  Type 

15.  Waller  Field 

10° 

36*» 

61° 

12 

’W 

radio  wind 

Port  of  Spain 

10 

36 

61 

21 

W 

30 

pilot  balloon 

Chaguaram&s  Bay 

10 

41 

61 

37 

w 

— 

It 

Pearls  Air  Field 

12 

09 

61 

37 

w 

— 

II 

Beane  Field 

13 

45 

60 

57 

w 

26 

H 

For  t-de-France 

14 

37 

61 

04 

w 

479 

It 

Raizel  Airdrome 

16 

16 

61 

31 

w 

— 

•• 

Pointe-a-Pi tre 

16 

14 

61 

33 

w 

33 

•» 

Gustavia 

17 

54 

62 

52 

w 

7 

it 

Coolidge  Field 

17 

07 

61 

47 

w 

34 

•• 

Rainey  Air  Force  Base 

18 

30 

67 

08 

w 

228 

It 

Santa  Isabel 

17 

58 

66 

24 

w 

28 

t* 

San  Juan 

18 

28 

66 

06 

w 

62 

radio  wind 

Roosevelt  Roads 

18 

15 

65 

38 

w 

— 

pilot  balloon 

Klngshill 

17 

42 

64 

48 

w 

53 

tl 

1 6 .  cayenne -Roehambeau 

04 

50 

52 

22 

w 

— 

It 

17.  Dakar-Ouakam 

14 

40 

17 

26 

w 

131 

radio  wind 

Dakar- Yoff 

14 

41 

17 

25 

w 

62 

pilot  balloon 

Sal 

16 

44 

22 

57 

w 

180 

ft 

Nouakchott 

18 

07 

15 

36 

w 

66 

M 

Saint-Louis 

16 

01 

16 

30 

w 

10 

VI 

Tambacounda 

13 

46 

13 

41 

w 

144 

H 

Table  2.  List  of 
of  key  stations 

key 

31° 

stations 

N . 

(numbered ) 

and  alternates. 

Mean  latitude 

Station 

Latitude 

Longitude 

Altitude 

(ft)  Type 

1.  Qrendi 

35° 

50' 

14° 

27 

£ 

442 

radio  wind 

Luqa 

35 

51 

14 

29 

£ 

253 

pilot  balloon 

2.  Farouk 

30 

08 

31 

24 

E 

223 

radio  wind 

3.  Habbaniya 

33 

22 

43 

34 

E 

144 

•  f 

4.  Bahrein 

26 

16 

50 

37 

£ 

3 

<1 

5 .  Hyderabad 

25 

23 

68 

25 

£ 

95 

pilot  balloon 

Fort  Sandeman 

31 

21 

69 

27 

E 

4613 

ft 

Peshawar 

34 

01 

71 

35 

E 

1165 

•  I 

Ambaia 

30 

23 

76 

46 

£ 

892 

•t 

Bikaner 

28 

00 

73 

18 

E 

735 

II 

Jodhpur 

26 

18 

73 

01 

E 

735 

•  1 

BhuJ 

23 

15 

69 

48 

E 

344 

II 

Ahmed  a  bad 

23 

02 

72 

35 

E 

164 

It 

Table  2,  (Continued) 


Station 

Latitude 

Longitude 

Altitude 

(ft)  Type 

6. 

Dibrugarh 

27° 

28 'N 

94° 

55’ E 

348 

pilot  balloon 

Tezpur 

26 

37 

92 

47  E 

259 

ft 

Cooch  Behar 

26 

20 

89 

27  E 

157 

(1 

Asansol 

23 

41 

86 

59  E 

413 

*1 

Gaya 

24 

45 

84 

57  E 

364 

ft 

Calcutta 

22 

33 

88 

20  E 

20 

II 

Gorakhpur 

26 

45 

83 

22  E 

253 

ft 

7  . 

Hong  Kong 

22 

18 

114 

10  E 

— 

radio  wind 

8. 

Tokyo 

35 

33 

139 

46  E 

37 

It 

Tateno 

36 

03 

140 

08  E 

89 

It 

Shlonomisaki 

33 

27 

135 

46  E 

243 

It 

Yonago 

35 

26 

133 

21  E 

26 

It 

1 tazuke 

33 

35 

130 

42  E 

122 

II 

9. 

Midway  Island 

28 

13 

177 

21  W 

0 

II 

10. 

Honolulu 

21 

20 

157 

55  W 

15 

ft 

11 . 

Ship 

30 

00 

140 

00  W 

— 

It 

12. 

Santa  Maria 

34 

56 

120 

25  W 

238 

It 

Oakland 

37 

44 

122 

12  W 

7 

It 

13. 

Big  Spring 

32 

14 

101 

30  W 

2537 

« 

El  Paso 

31 

48 

106 

24  W 

3916 

It 

14. 

New  Orleans 

30 

00 

90 

16  W 

30 

•t 

Lake  Charles 

30 

13 

93 

09  W 

32 

«t 

15. 

Miami 

25 

49 

80 

17  W 

12 

It 

Tampa 

27 

58 

82 

32  W 

11 

tt 

16. 

Kindley  Field 

32 

22 

64 

40  W 

16 

It 

Nassua 

25 

03 

77 

23  W 

5 

«r 

17. 

Ship 

35 

00 

48 

00  W 

— 

*t 

18. 

Lagens 

38 

45 

27 

05  W 

171 

tt 

19. 

North  Front 

36 

09 

05 

21  W 

8 

it 

Ma  ison-Blanche 

36 

43 

03 

14  E 

62 

tt 

Table  3.  List  of 
of  key  stations 

key 
42  . 

sta  tions 
5°N. 

(numbered ) 

and  alternates. 

Mean  latitude 

Station 

Latitude 

Longitude 

Altitude 

(ft)  Type 

1  .  Bordeaux 

44° 

50 'N  00° 

43  ’  W 

157 

radio  wind 

Lyon 

45 

43 

04 

55  E 

659 

tt 

Por tela 

38 

46 

09 

09  W 

338 

pilot  balloon 

2 .  Rome 

41 

48 

12 

35  E 

400 

radio  wind 

Mi lano-Lirate 

45 

28 

09 

17  E 

397 

pilot  balloon 

Cagl iar i-Elmas 

39 

IS 

09 

03  E 

39 

II 

-649- 


Table  3.  (Continued) 


Station 

Latitude 

Longitude  Altitude  (ft)  Type 

3.  Odessa 

46° 

29*8 

30° 

38 'B 

141 

radio  wind 

Bucuresti-Bancasa 

44 

30 

26 

05  E 

302 

pilot  balloon 

4.  Tbiiiaa 

41 

43 

44 

48  B 

1325 

ft 

Erevan 

40 

08 

44 

28  E 

2976 

ft 

5.  Tashkent 

41 

20 

69 

18  E 

1572 

rt 

Stalina  bad 

3S 

35 

68 

46  E 

2625 

H 

6.  Alna-Ata 

43 

15 

78 

35  E 

2763 

« 

7.  Vladivostok 

43 

07 

131 

55  X 

420 

H 

8.  Mlsava 

40 

43 

141 

22  E 

120 

radio  wind 

Vakkanal 

45 

25 

141 

41  E 

6 

pilot  balloon 

Sapporo 

43 

04 

141 

20  E 

54 

If 

8.  Ship 

38 

24 

153 

12  E 

— 

radio  wind 

10.  Ship 

40 

00 

142 

00  w 

— 

radio  wind 

11.  Hedford 

42 

23 

122 

52  V 

1329 

If 

Boise 

43 

34 

116 

13  W 

2858 

ft 

12.  Lander 

42 

48 

108 

43  V 

5558 

•• 

Grand  Junction 

39 

06 

108 

32  W 

4839 

«* 

Rapid  City 

44 

09 

103 

06  V 

3218 

•« 

13.  Omaha 

41 

18 

95 

54  V 

982 

ft 

Columbia 

38 

58 

92 

22  V 

785 

«f 

St.  Cloud 

45 

35 

94 

11  W 

1043 

f» 

14.  Albany 

42 

45 

73 

48  W 

292 

tv 

Nantucket 

41 

15 

70 

04  W 

12 

•1 

Buffalo 

42 

56 

78 

44  V 

706 

t» 

15.  Sable  Island 

43 

56 

60 

02  V 

25 

pilot  balloon 

16.  Ship 

44 

00 

41 

00  W 

— 

radio  wind 

17.  Ship 

45 

00 

16 

00  W 

— 

•» 

Table  4.  List  of  key  stations  (numbered) 
of  key  stations  55°N. 

and  alternates. 

Mean  latitude 

Station 

Latitude 

Longitude 

Altitude 

(ft)  Type 

1.  Kobenbaven  Kastrup 

55° 

38 'N 

12° 

40'E 

7 

radio  wind 

Berlin-Tenpelhof 

52 

28 

13 

23  E 

157 

«• 

Hannover/Langen  Lagen 

52 

28 

09 

42  B 

167 

fl 

2.  Hoscow  (soskva) 

55 

47 

37 

38  E 

528 

l« 

Kaunas 

54 

55 

23 

56  E 

272 

pilot  balloon 

3.  Sverdlovsk 

56 

44 

60 

38  E 

945 

radio  wind 

4.  Irkutsk 

52 

20 

104 

13  E 

1434 

pilot  balloon 

5.  Khabarovsk 

48 

28 

135 

03  E 

151 

«l 

6.  Massacre  Bay 

52 

50 

173 

11  E 

~ 

radio  wind 

Longview 

51 

53 

176 

40  V 

10 

pilot  balloon 

Table  4.  (Continued) 


Station 

Latitude 

Longitude  Altitude  (ft) 

Type 

7.  Anchorage 

61° 

13  'S 

149° 

50'W 

132 

radio  wind 

Ship 

50 

00 

145 

00  W 

— 

•* 

8.  Prince  George 

53 

54 

122 

40  W 

2218 

If 

Annette  Island 

55 

04 

131 

33  W 

113 

ff 

9.  Churchill 

58 

47 

94 

11  W 

44 

»» 

10.  Goose 

S3 

20 

60 

25  W 

144 

Ming&n  Light  Point 

51 

— 

64 

—  W 

— 

pilot  balloon 

11.  Ship 

52 

42 

35 

30  W 

— 

radio  wind 

12.  Aldergrove 

54 

39 

06 

13  W 

220 

♦t 

Camborne 

50 

13 

05 

19  W 

288 

«• 

Larkhill 

51 

11 

01 

48  W 

436 

It 

Downham  Market 

52 

37 

00 

24  E 

123 

It 

Table  5.  List  of 
of  key  stations 

key 

70°N 

stations  (numbered) 

• 

and  alternates. 

Mean  latitude 

Station 

Latitude 

Longitude 

Altitude 

(ft)  Type 

1.  Ship 

66° 

00’N 

02° 

00’E 

... 

radio  wind 

2.  Murmansk 

68 

57 

33 

03  E 

151 

pilot  balloon 

Arkhangelsk 

64 

34 

40 

31  E 

33 

I* 

3.  Dikson 

73 

30 

80 

24  E 

66 

1* 

Khatanga 

71 

59 

102 

28  E 

230 

ft 

Amderma 

69 

46 

61 

41  E 

171 

»» 

4.  Bukhta  Tiksi 

71 

35 

129 

02  E 

23 

ft 

Zhigansk 

66 

45 

123 

24  E 

194 

»« 

Verkhoiansk 

67 

33 

133 

24  E 

400 

If 

5.  Mys  Shmidta 

68 

55 

179 

29  E 

30 

tf 

Ost  Chetyreh 

70 

38 

162 

24  E 

— 

II 

6.  Kotzebue 

66 

52 

162 

38  W 

16 

radio  wind 

Nome 

64 

31 

165 

26  W 

46 

II 

7.  Fairbanks 

64 

48 

147 

49  W 

454 

It 

Aklavik 

68 

14 

135 

00  W 

30 

»t 

8 .  Resolute  Bay 

74 

41 

94 

54  W 

56 

It 

Arctic  Bay 

73 

00 

85 

18  W 

36 

M 

Cambridge  Bay 

69 

07 

105 

01  W 

45 

ft 

9.  Clyde  River 

70 

25 

68 

33  W 

26 

«• 

Egedesmlnde 

68 

42 

52 

52  W 

157 

It 

10.  Angmagssalik 

65 

36 

37 

34  W 

118 

*1 

Cap  Tobin 

70 

25 

21 

58  W 

138 

t» 

-651- 


Table  6.  Percentage  of  total  possible  observations  at  each  level  for  each 
hey  station  at  latitude  13°N. 


Elevation  in  thousands  of  feet 

Station 

2* 

6* 

10* 

14 

20* 

25 

30* 

35 

40* 

45 

50 

55* 

Gao 

64 

65 

62 

44 

11 

0 

0 

0 

0 

0 

0 

0 

El  Fasher 

92 

93 

92 

91 

84 

33 

27 

14 

10 

4 

1 

1 

Aden 

75 

85 

73 

12 

71 

21 

64 

10 

58 

3 

3 

41 

Trlchinopoly 

100 

0 

100 

0 

88 

84 

75 

7 

0 

0 

0 

0 

Port  Blair 

97 

86 

91 

41 

52 

24 

13 

2 

0 

0 

0 

0 

Saigon 

89 

86 

88 

76 

63 

13 

5 

3 

2 

■4 

X 

0 

0 

Clark  Field 

97 

97 

96 

92 

85 

53 

46 

34 

38 

29 

28 

30 

Yap 

75 

84 

78 

58 

64 

43 

46 

30 

32 

20 

10 

8 

Harmon  Field 

88 

94 

93 

78 

89 

72 

86 

71 

83 

65 

54 

48 

Kwajalein 

99 

100 

99 

98 

99 

95 

98 

90 

96 

80 

62 

57 

Johnson  Island 

75 

91 

90 

70 

79 

57 

63 

45 

49 

31 

27 

16 

Hilo 

90 

99 

99 

90 

97 

84 

91 

76 

82 

57 

37 

30 

Veracruz 

98 

94 

89 

79 

62 

10 

2 

0 

0 

0 

0 

0 

Albrook  Fie  d 

82 

93 

92 

77 

83 

61 

65 

47 

49 

24 

6 

1 

Waller  Field 

100 

100 

100 

96 

97 

84 

91 

77 

84 

64 

47 

48 

Cayenne  Roch 

56 

52 

39 

30 

23 

18 

16 

17 

14 

13 

7 

4 

Dakar 

92 

91 

78 

41 

35 

18 

28 

16 

24 

12 

8 

8 

Table  7.  Percentage  of  total  possible 
key  station  at  latitude  31°N. 

observations  at 

each  level 

for  each 

Pressure 

levels 

in  millibars 

Station 

1000 

850 

700 

500 

300 

200 

100 

Qrendi 

4 

58 

58 

56 

52 

38 

22 

Farouk 

60 

88 

88 

86 

62 

28 

4 

Habbaniya 

38 

72 

72 

74 

72 

62 

44 

Bahrein 

18 

68 

66 

68 

62 

50 

32 

Hyderabad 

1 

0 

90 

70 

50 

0 

0 

Dibrugarh 

63 

0 

86 

38 

16 

0 

0 

Hong  Kong 

70 

67 

64 

58 

39 

34 

22 

Tokyo 

98 

98 

99 

97 

88 

72 

38 

Midway  Island 

80 

76 

73 

68 

68 

60 

34 

Honolulu 

92 

82 

67 

57 

46 

34 

16 

Ship 

84 

80 

81 

72 

58 

42 

14 

Santa  Maria 

99 

99 

100 

96 

87 

74 

39 

Big  Spring 

0 

100 

99 

94 

76 

60 

22 

Hew  Oreans 

98 

98 

98 

87 

66 

52 

18 

Miami 

100 

100 

99 

97 

92 

80 

37 

-652- 


Table  7.  (Continued) 


Pressure  levels  in  millibars 

Station 

1000 

850 

700 

500 

300 

200 

100 

Kindley  Field 

90 

91 

88 

79 

44 

16 

2 

Ship. 

77 

82 

85 

82 

74 

6  J 

22 

Lagens 

86 

96 

94 

86 

75 

49 

12 

North  Front 

80 

82 

76 

66 

54 

36 

8 

Table  8.  Percentage  of  total  possible  observations  at  each  level  for  each 
key  elation  at  latitude  42.5°N. 


Pressure  levels  In  millibars 


Station 

1000 

850 

700 

500 

300 

200 

100 

Bordeaux 

95 

93 

91 

78 

72 

58 

18 

Rome 

78 

89 

84 

76 

69 

45 

0 

Odessa 

12 

78 

74 

64 

31 

14 

0 

Tblllsa 

3 

75 

73 

58 

9 

0 

0 

Tashkent 

1 

88 

84 

55 

5 

1 

0 

Alma-Ata 

1 

66 

66 

27 

4 

1 

0 

Vladivostok 

17 

13 

8 

3 

0 

0 

0 

Misawa 

91 

92 

96 

95 

80 

51 

21 

Ship 

39 

32 

24 

13 

6 

2 

1 

Ship 

52 

50 

50 

44 

33 

23 

4 

Medford 

0 

100 

99 

95 

74 

59 

35 

Lander 

0 

98 

100 

100 

87 

65 

25 

Omaha 

5 

100 

100 

97 

87 

74 

30 

Albany 

96 

95 

86 

70 

41 

21 

3 

Sable  Island 

52 

0 

0 

0 

0 

0 

0 

Ship 

76 

81 

83 

81 

69 

48 

13 

Ship 

70 

67 

68 

42 

6 

1 

0 

Table  9.  Percentage  of  total  possible 
key  stations  at  latitude  55°N. 

observations  at 

each  level 

for  each 

Pressure  levels  in 

millibars 

Station 

1000 

850  700 

500 

300 

200 

100 

Kobenhaven 

98 

100  100 

100 

99 

91 

48 

Moscow 

0 

97  95 

97 

62 

0 

0 

Table  9.  (Continued) 


Pressure  levels  la  all libers 


Station 

1000 

850 

700 

500 

300 

200 

100 

Sverdlovsk 

0 

73 

68 

66 

8 

5 

0 

Irkutsk 

0 

57 

48 

34 

3 

0 

0 

Kharbarovsk 

5 

36 

35 

10 

6 

4 

0 

Massacre  Bay 

67 

75 

68 

60 

39 

25 

11 

Anchorage 

65 

98 

98 

97 

•7 

87 

26 

Prince  George 

79 

99 

99 

97 

91 

66 

27 

Churchill 

86 

89 

89 

82 

54 

28 

6 

Goose 

80 

97 

93 

67 

27 

12 

2 

Ship 

74 

81 

86 

85 

72 

56 

27 

Aldergrove 

63 

98 

99 

99 

98 

97 

74 

Table  10.  Percentage  of  total  possible  observations  at  each  level  for  each 
lcey  station  at  latitude  70°S. 


Pressure  levels  in  aillibars 

Station 

1000 

850 

700 

500 

300 

200 

100 

Ship 

89 

81 

81 

82 

75 

63 

17 

Murmansk 

97 

77 

77 

68 

44 

0 

0 

Dikson 

93 

34 

23 

16 

9 

3 

0 

Bukhta  Tiksi 

93 

45 

26 

17 

5 

2 

0 

Mys  Shnidta 

82 

21 

16 

11 

5 

0 

0 

to  tee  hue 

100 

93 

87 

77 

54 

39 

15 

Fairbanks 

100 

99 

96 

94 

80 

64 

26 

'Resolute  Bay 

100 

96 

93 

88 

71 

55 

25 

Clyde  River 

98 

75 

73 

63 

24 

19 

19 

Angaagssallk 

95 

81 

80 

78 

55 

34 

8 

-654- 


11.  Numerical  analysis  of  momentum  balance  data  for  entire  year  1950  at  latitude  13°N,  The  levels 
given  in  thousands  of  feet.  All  velocities  are  in  a  sec”-1.  Internal  consistency  of  figures  given 
limited  by  rounding-off  approximations. 
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Integral  (10  CCS  units)  +13.9  -0.4  -0.1  +14.3  +14.1  +14.0  Sua  29,546 


Table  13.  Numerical  analysis  of  momentum  balance  data  for  entire  year  1950  at  latitude  42.5°N.  The  levels 
are  given  in  hundreds  of  millibars.  All  velocities  are  in  o  sec-1.  Internal  consistency  of  figures 
given  is  limited  by  rounding-off  approximations. 
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Table  14.  Nuaerical  anal ye is  of  aoaentua  balance  data  for  entire  year  1950  at  latitude  55°H.  Use  levels 


-658- 


Integral  <10*  CGS  units)  +  6.8  ♦  3.3  +1.1  +  2.4  ♦  8.9  +  3.8  Sue  17,570 


Table  15.  Numerical  analysis  of  momentum  balance  data  for  entire  year  1950  at  latitude  70°N.  The  levels 
are  given  in  hundreds  of  millibars.  All  velocities  are  In  m  sec*1-.  Internal  consistency  of  figures 
given  is  limited-  by  rounding-off  approximations. 
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Table  IS.  The  distribution  of  £*J  and  w|th  elevation  and  latitude 

to*  the  year  1950.  All  velocities  in  m  sec-  .  Levels  in  eillibars. 


Level 

70.Q°N 

55 . 5°K 

o 

42.5  N 

31.0°N 

o 

13.0  N 

100 

no 

4-  4.1 

+  8 .3 

+  13.1 

+  9.5 

-  1.0 

6.8 

8.3 

11.0 

13.6 

11  .7 

200 

ISO 

4-  5.5 

+  13.2 

+18.0 

+17.7 

+  7.6 

10.7 

13.6 

13.9 

17.7 

13.9 

300 

no 

+  4.8 

+  12.4 

+16.8 

+15.1 

+  3.1 

*iui 

14. C 

16.4 

14.2 

16.2 

10.3 

500 

no 

+  3.3 

+  9.2 

+  12.2 

+  9.0 

-  1.6 

10.6 

12.2 

11.2 

10.7 

6.7 

700 

no 

+  6.0 

+  7.1 

+  4.4 

-  2.6 

<r(u) 

9.0 

8.3 

7.8 

6.0 

850 

no 

+  3.3 

+  3.9 

+  1.5 

-  3.4 

r(ui 

8.0 

6.9 

6.4 

5.6 

1000 

no 

WEm 

+  1.9 

+  1.8 

-  0.8 

-  2.5 

<rfui 

Mam 

5.5 

5.2 

4.6 

S.4 

tm 

+  2.7 

+  7.9 

+  10.4 

+  8.0 

+  0.1 

Table 

17.  The  distribution  of  fvj 

and  r(tr)  with  elevation 

and  latitude 

for 

the  year  1950.  All  velocities 

in  m  sec  . 

Levels  in 

still  ibars . 

a 

o 

o 

o 

c 

Level 

70 .  ON 

55.0  N 

42.5  N 

31.0  N 

13.0  N 

100 

no 

+  0.6 

+  0.7 

-  1.0 

+  0.2 

-  0.5 

tr(tr) 

6.4 

8.1 

9.6 

8.2 

7.2 

200 

no 

+  1.2 

+  0.6 

-  1.2 

-  0.5 

-  0.2 

<r(*r) 

10.8 

13.8 

13.9 

13.0 

8.5 

300 

no 

+  1.6 

+  0.8 

-  0.2 

+  0.2 

0.0 

rivi 

14.5 

16.8 

14.3 

11.5 

6.7 

500 

f*rJ 

+  0.2 

-  0.2 

0.0 

-  0.1 

f<tr) 

wSSSm 

12.7 

10.6 

8.3 

4.8 

700 

no 

SSI 

+  0.2 

+  0.2 

0.0 

-  0.1 

Tt*) 

!  8.1  I 

9.3 

7.5 

6.4 

4.0 

850 

no 

+  0.2 

+  0.2 

+  0.1 

-  0.3 

irOr) 

7  .9 

6.7 

6.1 

4.2 

1000 

no 

+  0.2 

+  0.5 

-  0.3 

-  0.9 

vrt*) 

5.2 

5.3 

4.4 

5.0 

(rs) 

+0.64 

+0.37 

-0.17 

-0.03 

-0.22 

-660- 


Table  18.  The  distribution  of £*‘v‘J  with  elevation  and  latitude  for  the 
year  1950.  All  velocities  in  m  sec”^.  Vertical  integrals  at  foot  of 
table  are  in  107  CCS  units. 


Level 

7  0 . 0°N 

55 . 0°N 

o 

42.5  N 

31 . 0°N 

13 .0°N 

100 

r-4 

1 

+  10 

+  6 

+  18 

0 

200 

-  2 

+•  5 

+  26 

+  43 

' 

+  8 

300 

-  8 

+  6 

+21 

+  32 

+  6 

500 

-  5 

+•  5 

+  12 

+  13 

+  3 

700 

+  X 

-  2 

+  4 

+  5 

+  2 

850 

+  2 

-  1 

+  1 

+  3 

+  1 

1000 

-  2 

-  2 

+  1 

+  3 

+  1 

Integral 

-2 .  4 

+  2.4 

+  9.7 

+  14.3 

+  2.7 

oc  2 

Table  19.  Tile  flux  of  angular  momentum  in  units  of  10  a  gm  cm  sec 
across  the  specified  latitude  circles,  due  to  organized  circulations 
as  expressed  by  the  terms  in  expansion  3.0.  The  required  flux  K, 
taken  after  Priestley  (1951). 


1 

2 

3 

4 

5 

6 

7 

8 

La  t i t ude 

£  Unadjusted 

1  total 

Maes 

shift 

Mean 

ceil 

Inst . 

col  2 

Horiz. 

eddy 

Adjusted 

total 

I  lives  t- 
ga  tors 

Pr  ies  tley 
1951 

Starr 

and 

1953 

White 

70 . 0°N 

— 

-  0.7 

+  0.5 

+  0.3 

-  0.7 

-  0.7 

55 . 0°N 

+  4 

+  2.3 

+  0.5 

+  1.0 

+  2.0 

jm 

42  .  5°N 

4  1  5 

8 

-  2.3 

-  2.6 

+  0.7 

+  13.4 

+  11.6 

o  ^ 
31.0  N  i 

+  21 

4  25.9 

-  0.5 

-  0.3 

-  0.1 

+26.7 

+26.4 

1 3 . 0°N 

+  6 

+  9.6 

0.0 

+  0.2 

+  3.1 

+  6.6 

+  9.6 
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Table  25.  Numerical  analysis  of  sensible  heat  flux  data  for  entire  year  1950  at  latitude  31°N 
velocities  are  in  m  sec-*  and  temperatures  in  °A. 
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Integral  (10  CGS  units)  -  8.3  -11.7  +0.0  +3.1  -  6.0  +2.3  Sum  36,777 
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Integral  (10®  OGS  units)  -  27.7  -  29.6  +2.7  +  5.2  -  7.7  +  8.9  Sun  19,558 


Table  27.  Numerical,  analysis  of  sensible  heat  flux  data  for  entire  year  1950  at  latitude  55*71.  All 
velocities  are  In  ■  sec"1  and  temperatures  In  °A. 


Integral  (10°  CGS  units)  +  90.1  +  90.3  +1.9  +  8.8  +  92.1  +12.1  Sum  17,510 
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Int0gral  <105  CGS  units)  +123.6  +113.5  +5.2  +4.0  +145.0  +  0.6  Su*  10,912 


Table  29.  The  flux  of  energy  in  units  of  10  *  cal  sec  across  the  specified  latitudes,  due  to 
organized  circulations  as  expressed  by  the  terms  in  expansions  <* .  1  and  5.1.  The  required  flux 
after  investigators  indicated. 
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Reprinted  from  J.  Geophys.  Res.,  61,  1956 


Vi  Cro a  P.  Staeh,  Massachusetts  Institute  of  Technology,  Cambridge ,  Massa¬ 
chusetts:  Modem  developments  in  the  study  of  the  general  circulation  of  the 
atmosphere.  The  purpose  of  this  discussion  is  to  present  a  general  account  of  the 
research  program  concerning  the  study  of  the  global  circulation  of  the  atmosphere, 
pursued  during  the  past  few  years  by  my  colleagues  and  myself  at  the  Massa¬ 
chusetts  Institute  of  Technology.  In  a  spaee  as  brief  as  is  now  at  my  disposal,  it 
is  possible  to  give  only  a  short  sketch  of  this  work,  the  most  fundamental  aim  of 
which  has  been  to  discover  the  mode  of  operation  of  the  atmosphere  as  a  heat 
engine. 

The  source  of  energy  for  all  atmospheric  motions  resides  in  the  heating  by 
solar  radiation,  all  other  energy  sources  being  quite  minor.  Furthermore,  the 
action  of  solar  radiation  depends  upon  the  fact  that  it  provides  a  differential 
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heating  between  more  polar  and  more  equatorial  latitudes  in  each  hemisphere. 
Uniform  heating  of  the  atmosphere  would,  of  course,  not  result  in  the  differences 
in  pressure  along  horizontzi  surfaces  which  are  necessary  for  the  creation  of  kinetic 
energy  (see,  for  example,  Starr  1948).  In  fluid  mechanics,  it  is  customary  to  refer 
to  the  process  of  generation  of  motion  by  differential  heating  as  convection.  It  is 
therefore,  a  process  of  convection,  which  one  must  study  in  attempting  to  under¬ 
stand  the  workings  of  the  general  circulation. 

In  these  attempts,  it  is  convenient  to  make  reference  to  the  classic  investi¬ 
gations  of  M.  Margules,  early  in  this  century.  Margules  (1903)  pointed  out  that 
in  a  closed  atmospheric  system  generation  of  kinetic  energy  takes  place  in  pro¬ 
portion  to  the  disappearance  or  release  of  potential  energy  and  internal  heat  energy. 
Owing  to  the  fact  that  in  an  air  column  extending  upwards  in  an  unlimited  fashion 
and  in  hydrostatic  equilibrium  the  latter  form  of  energy  is  proportional  to  the 
potential  energy,  it  therefore  suffices  for  reason  of  brevity  to  speak  only  of  potential 
energy.  The  researches  of  Margules  also  pointed  out  that  the  release  of  potential 
energy  is  accomplished  by  the  rising  of  warm  air  and  sinking  of  colder  air,  which, 
in  a  closed  system,  would  represent  a  sinking  of  the  center  of  gravity. 

In  the  actual  atmosphere,  the  radiational  heating  continuously  replenishes 
the  supply  of  available  potential  energy  (see  Lorenz,  1955),  while  the  process  of 
transformation  into  kinetic  energy  proceeds  as  outlined  by  Margules  at  some 
average  rate  sufficient  to  overcome  frictional  losses.  In  these  terms,  we  may  now 
state  that  one  of  the  most  fundamental  questions  which  general  circulation  studies 
must  include  is  the  specification  of  the  components  of  motion  in  the  atmosphere 
which  are  actually  responsible  for  the  releasing  of  potential  energy.  Various  other 
weighty  and  important  questions  also  arise,  of  course,  but  this  one  may  be  looked 
upon  as  a  starting  point.  Thus,  another  question  relates  to  the  manner  in  which 
the  kinetic  energy  of  the  zonally-averaged  motions  is  maintained,  since  although 
these  motions  are  known  to  be  present  they  are  not  an  immediate  consequence 
of  the  convective  process.  Logically  then,  there  muBt  exist  a  connecting  link 
whereby  the  kinetic  energy  generated  by  the  convection  process  becomes  in  part 
funneled  into  these  components  of  motion. 

In  order  to  try  to  arrive  at  suitable  answers  to  these  and  many  other  related 
questions,  our  program  of  general  circulation  research  at  M.I.T.  has  involved 
three  more  or  less  distinct  approaches.  The  first  and  perhaps  most  important 
branch  of  our  work  has  been  an  extremely  extensive  study  of  meteorological 
atmospheric  data  for  the  northern  hemisphere.  The  second  approach  has  been 
through  the  study  of  model  experiments,  which  in  recent  years,  thanks  to  the 
work  of  Prof.  Fultz  at  the  University  of  Chicago,  have  yielded  analogues  to  the 
hemispheric  circulation  of  atmosphere.  In  the  third  place,  we  have  pursued  ex¬ 
tensive  theoretical  analyses,  both  from  the  standpoint  of  securing  analytical 
solutions  and  also  more  recently  through  the  application  of  high-speed  digital 
computers.  It  is  my  intention  to  give  a  bare  thumb-nail  sketch  of  the  results 
obtained  in  each  of  these  lines  of  endeavour. 

In  the  past,  as  mentioned  by  Dr.  Chamey,  the  basic  convective  motions  in 
the  atmosphere  have  been  looked  upon  as  being  a  general  rising  of  air  at  lower 
latitudes  and  sinking  at  higher  latitudes  in  the  form  of  toroidal  overturnings, 
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similar  to  those  involved  in  Hadley's  (1735)  theory  of  the  trade  winds,  published 
shortly  after  the  time  of  Newton.  A  number  of  variations  of  this  scheme  were 
put  forth  during  the  course  of  time  up  to  the  present  (for  example,  Ferrel  1885, 
Oberbeck  1888).  All,  however,  ascribe  the  motions  of  the  general  circulation  as 
being  due  to  the  release  of  potential  energy  by  this  type  of  overturning  process 
(Rossby,  1947,  is  an  exception).  Any  verification  of  these  theories  from  direct 
observations  is  dependent  upon  the  accumulation  and  reduction  of  a  vast  amount 
of  data.  This  was  actually  one  of  the  primary  objectives  of  our  observational 
studies.  The  results  are  that  the  sum  total  effect  of  toroidal  overturnings  as 
measured  from  the  data  for  the  northern  hemisphere  is,  if  anything,  in  such  a 
direction  as  to  convert  kinetic  energy  back  into  potential  energy  (Starr  1954). 
This  arises  from  the  indication  that  the  most  vigorous  toroidal  overturning  observ¬ 
able  is  a  reverse  one  in  middle  latitudes,  involving  descent  of  warm  air  to  the 
south  and  ascent  of  cold  air.to  the  north. 

In  view  of  this  situation,  it  follows  that  there  must  be  other  fundamental 
convective  motions  in  the  atmosphere  which  liberate  potential  energy  and  convert 
it  into  kinetic  energy.  What  are  then  the  observational  indications  for  this  alterna¬ 
tive  process?  The  results  show  that  the  convection  proceeds  in  terms  of  many 
smaller  cells,  these  in  fact  being  the  cyclones  and  anticyclones  of  middle  latitudes 
which  involve  the  rising  of  warm  air  masses  and  sinking  of  cold  ones  (White  and 
Saltzman,  1956).  It  would  thus  appear  that  purely  from  measurements  of  atmos¬ 
pheric  motions  in  relation  to  air  temperature  the  atmosphere  shuns  extremely 
large  convective  cell  sites. 

Speaking  now  of  experimental  studies,  it  is  manifestly  true  that  laboratory 
models  which  duplicate  hemispheric  conditions  of  the  atmosphere  in  all  detail 
are  impossible.  However,  if  one  sets  one’s  sights  merely  upon  the  reproduction  of 
the  largest  scale  phenomena  and  more  specifically  upon  those  processes  involved 
in  these  phenomena  which  turn  out  to  be  relatively  insensible  to  the  presence  of 
details,  success  may  be  achieved,  as  has  been  so  well  demonstrated  by  the  studies 
of  Prof.  Fultz.  The  particular  experiments  which  we  have  studied  are  those  in 
which  motions  relative  to  a  rotating  cylindrical  vessel  are  generated  in  water, 
purely  as  a  consequence  of  heating  the  (plane)  bottom  at  the  rim  and  cooling 
nearer  the  center.  A  variety  of  regimes  may  be  obtained  in  such  experiments  as 
a  result  of  changes  principally  in  the  intensity  of  differential  heating  and  rate  of 
rotation.  Under  proper  conditions,  flow  patterns  are  obtained  bearing  an  un¬ 
mistakable  resemblance  to  those  found  in  the  hemispheric  circulation  in  the 
atmosphere  (for  example,  Fultz  and  Com  1954,  Hide  1953).  This  resemblance  is 
not  confined  to  one  level,  but  exhibits  similarity  in  vertical  structure  as  well, 
reproducing  such  features  ns  occluding  cyclones  and  fronts  near  the  bottom  in 
proper  relation  to  the  cyclonic  and  anticyclonic  troughs  and  ridges  at  higher 
levels  (Fallcr,  1950). 

The  so-to-speak  meteorological  regime  is  distinguished  from  a  regime  of 
symmetrical  convection  which  occurs  at  a  sufficiently  slower  rate  of  rotation  (or 
stronger  heating  with  the  same  rotation).  These  axially-symmctrical  motions  are 
characterized  by  a  radial  inflow  of  the  fluid  near  the  top  and  a  divergence  near 
the  bottom,  which  results  from  the  ascent  of  the  fluid  over  the  heat  source  and  a 
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sinking  above  the  cold  source  at  the  center.  This  regime,  therefore,  exemplifies 
the  action  presupposed  in  the  classical  theories  of  the  general  circulation.  Sig¬ 
nificantly,  however,  it  is  not-  the  regime  which  lias  meteorological  similarity.  The 
one  discussed  earlier,  which  has  such  similarity,  is  moreover  characterized  if 
anything  by  a  radial  outflow  of  fluid  near  the  top  over  practically  all  radii,  much 
as  is  found  in  the  atmosphere  over  a  wide  range  of  latitudes. 

In  other  experimental  examples  of  convection,  which  need  not  be  direct 
analogues  of  atmospheric  processes,  such  as  convective  motions  of  the  Bfinard 
type,  it  is  simple  to  demonstrate  that  one  effect  of  the  presence  of  rotation  is  to 
diminish  the  characteristic  cell  sizes  in  the  plane  normal  to  the  axis  of  rotation. 
One  may  thus,  for  example,  obtain  B^nard  convection  cells  a  foot  or  two  in  vertical 
extent  but  only  an  inch  or  two  in  horizontal  cross-section.  It  is  useful  to  regard  the 
convective  motions  in  the  cylindrical  vessel  described  above  as  an  extension  of 
this  action  of  rotation.  In  other  words,  we  are  again  confronted  by  a  preference 
of  the  fluid  to  resort  to  smaller  convective  cell  sizes  :n  the  case  of  strong  rotation, 
other  things  being  unchanged. 

Since  the  hemispheric  air  motion,  and  also  the  circulations  in  the  experiment 
possessing  meteorological  similarity,  are  characterized  by  strongly  developed 
zonal  motions,  one  may  ask  how  kinetic  energy  resulting  from  the  convective 
overtumings  becomes  so  organized.  One  superficially  attractive  feature  of  the 
classical  theories  for  the  general  circulation  is  the  simplicity  with  which  this 
connecting  mechanism  is  visualized.  It  is  there  supposed  that  the  toroidal  con¬ 
vection  generates  kinetic  energy,  which  in  the  first  instance  appears  as  kinetic 
energy  of  meridional  motions,  but  which  immediately  becomes  converted  to 
kinetic  energy  of  mean  zonal  motions  by  an  essentially  quasistatic  process,  through 
the  action  of  Coriolis  forces  (this  presumably  is  the  actual  mechanism  in  the 
heated  cylinder  when  the  symmetrical  regime  is  present).  If,  however,  the  toroidal 
circulations  actually  present  in  the  atmosphere  (or  in  the  meteorological  regime 
in  the  heated  cylinder)  operate  to  increase  the  potential  energy  at  the  expense  of 
kinetic  energy,  tliis  process  cannot  be  used  to  maintain  the  mean  zonal  motions. 
From  the  physical  equations  of  motion,  it  follows  that  only  one  other  alternative 
mechanism  of  any  significance  can  perform  this  function.  The  alternative  mechan¬ 
ism  involves  the  flow  of  kinetic  energy  from  the  larger  scale  non-zonal  disturbances 
into  the  mean  zonal  flow  (for  example,  Kuo,  1951).  This  is  ir.  direct  opposition 
to  the  state  of  affairs  in  the  case  of  turbulent  phenomena,  where  the  kinetie  energy 
becomes  degraded  into  smaller  and  smaller  eddies.  From  the  standpoint  of  direct 
measurements  in  the  atmosphere,  the  process  envisaged  here  involves  a  flow  or 
transport  of  angular  momentum  from  zones  of  low  angular  velocity  about  the 
polar  axis  into  regions  of  high  angular  velocity  (Starr,  1953).  It  is  to  be  noted 
that  the  observational  evidence  which  has  by  now  been  obtained  for  the  presence 
of  this  action  can  scarceh-  be  disputed  (see  also,  for  example,  Starr  and  White 
1954,  Mintz  1951). 

From  the  standpoint  of  philosophical  considerations,  one  may  with  profit 
observe  that  the  non-zonal  disturbances  in  the  atmosphere  differ  in  an  essential 
manner  from  the  disturbances  visualized  in  most  turbulence  studies.  The  former 
ones,  as  we  have  seen,  are  the  seat  for  the  release  of  potential  energy  which  becomes 
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converted  most  directly  into  the  kinetic  energy  of  the  disturbances.  The  system 
thus  involves  a  systematic  insertion  of  energy  into  one  scale  of  eddies.  One  is 
therefore  not  confronted  by  any  fundamental  inconsistency,  if  some  of  this  energy 
is  then  transferred  systematically  to  maintain  the  mean  motion.  No  doubt,  other 
examples  of  fluid  motion  in  which  eddy  kinetic  energy  is  so  transferred  into  the 
mean  motion  will  be  found  in  the  future. 

As  might  be  supposed,  the  third  branch  of  our  work  has  consisted  of  efforts 
to  deduce  theoretically  the  essential  nature  of  the  general  circulation,  and  also 
of  its  experimental  analogues,  as  a  consequence  of  the  hydrodynamical  equations. 
In  the  attempts  to  do  this  by  analytical  means,  one  may  be  guided  by  various 
theoretical  studies  of  other  instances  of  convection,  such  as  the  theoretical  analysis 
of  the  B6nard  problem  by  Rayleigh  (1916),  Jeffreys  (1928),  and  others.  More 
recently,  the  analyses  of  certain  convective  problems  due  to  Chandrasekhar  for 
astrophysical  applications  have  been  of  great  use  to  us.  The  procedures  involved 
consist  of  the  use  of  linearization  and  the  determination  of  the  modes  of  convec¬ 
tion  which  have  a  positive  and  appreciable  rate  of  development.  As  to  the  results, 
it  is  desirable  at  the  outset  to  remark  that  in  other  instances  of  convection  such  as 
those  studied  by  Chandrasekhar  (1953)  and  others,  the  theoretical  effect  of  the 
presence  of  rotation  is  to  diminish  the  cell  size  of  convection  units,  as  urns  stated 
in  connection  with  the  experimental  results.  In  the  case  of  the  atmosphere  and 
also  for  the  meteorological  regime  in  the  rotating  experiments,  this  same  theoretical 
result  is  obtained  (Kuo  1954,  1955,  1956;  Lorenz  1953).  Thus,  it  is  confirmed  also 
theoretically  that  in  a  system  such  as  the  atmosphere  convection  cannot  proceed 
in  the  form  of  large  axially  symmetrical  toroidal  components  of  motion,  but 
rather  is  constrained  by  the  rotation  to  break  up  into  a  number  of  smaller  cells, 
which  in  actuality  are  the  cyclonic  and  anlicyclonic  disturbances  of  middle  latitudes. 

Through  the  use  of  analytical  techniques,  it  is  also  possible  to  investigate  the 
conditions  under  which  kinetic  energy  may  be  exchanged  between  the  mean 
motion  and  the  eddies.  Such  studies  have  much  in  common  with  classical  stability 
studies  discussed  by  Helmholtz  (1868),  Rayleigh  (1913),  Heisenberg  (1924), 
Tollmien  (1929),  and  more  recently  by  Lin  (1945),  to  name  but  a  few.  When  a 
suitable  arrangement  of  circumstances  is  made,  the  result  is  gamed  that  dis¬ 
turbances  having  the  character  of  cyclones  and  anticyclones  in  the  atmosphere 
would  transfer  their  kinetic  energy  into  the  mean  zonal  flow,  thus  underlining 
the  results  from  observational  studies  and  the  inferences  from  the  laboratory 
models  (Kuo  1949,  1953). 

As  discussed  by  Dr.  Charney,  a  numerical  solution  for  the  gross  features  of 
the  general  circulation  has  been  obtained  by  Phillips  (1955)  at  the  Institute  for 
Advanced  Study,  through  the  use  of  high-speed  electronic  computation.  These 
results  are  in  very'  good  agreement  with  our  observational  and  theoretical  results 
as  here  presented,  so  that  the  desirability  of  very  intensive  further  work  along 
such  lines  is  strongly  suggested.  Motivated  by  similar  aims,  several  of  my  colleagues 
have  for  some  time  been  engaged  in  the  numerical  integration  of  the  equations 
for  a  two-layer  model  of  the  atmosphere  in  the  northern  hemisphere  and  also 
for  a  corresponding  three-dimensional  model.  In  order  to  eliminate  possible  sources 
of  misconception,  it  may  be  well  to  point  out  that  in  such  work  the  effects  of  r&dia- 
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tional  heating  and  cooling  are  taken  into  account,  as  is  also  frictional  dissipation.  An 
answer  is  then  sought  from  the  equations  as  to  the  regime  of  motion  which  ulti¬ 
mately  develops.  At  the  present  moment,  it  is  still  too  early  to  predict  the  outcome 
of  our  own  computations,  although  it  is  reasonable  to  suppose  that  results  com¬ 
parable  in  essence  to  those  of  Phillips  will  follow. 

As  a  general  conclusion,  it  would  appear  that  meteorologists  now  have  for  the 
•first  time  a  correct  framework  for  the  discussion  and  further  study  of  the  mechanics 
of  the  general  circulation.  In  the  course  of  future  years,  this  cannot  help  having  a 
profound  influence  on  almost  every  branch  of  the  science.  As  an  immediate  prospect, 
it  is  to  be  hoped  that  numerical  solutions  will  be  designed  which  incorporate  more 
and  more  detailed  conditions,  such  as  the  effects  of  orography,  land  and  sea  con¬ 
trasts,  seasonal  effects,  and  possibly  various  other  variations  in  the  incoming  solar 
radiation,  both  real  and  hypothetical.  One  hardly  needs  to  enumerate  here  the 
variety  of  scientific  questions  which  would  have  light  thrown  upon  them  from 
such  investigations. 
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Abstract 

In  this  article  the  essential  physical  characteristics  of  the  new  outlook  upon  the  actual 
operation  of  the  general  circulation  are  presented  in  a  concise  manner,  mainly  as  a  matter 
of  philosophical  interest.  Certain  general  attitudes  of  the  writer,  pertaining  to  this  subject 
are  expounded  for  purposes  of  record. 


1  Philosophical  preface 

In  the  progressive  development  of  a  scientific 
subject  of  any  complexity,  much  depends  upon 
the  clear  delineation  of  its  status  at  any  given 
time.  For  particular  reasons  this  is  ordinarily 
not  an  easy  task.  Almost  always  the  really 
major  conceptual  mutations  succeed  each  other 
at  a  pace  such  that  the  life-span  of  an  indi¬ 
vidual  can  measure  only  a  small  phase  of  the 
historical  process,  or  only  a  particular  set  of 
events  which  if  he  is  lucky,  may  constitute 
some  striking  denouement — some  burst  of  inflo¬ 
rescence  from  a  soil  long  cultivated  and  en¬ 
riched  through  patient  labor  by  others  during 
more  quiescent  periods.  Contrasted  with  this 
organically  dictated  slowness  in  the  evolution 
of  underlying  outlook  and  ideas,  the  present 
moment  confronts  the  individual  with  a  welter 
of  voices  and  activities  which  generally  have 
the  tendency  to  distract  him  from  the  long¬ 
term  viewpoint,  and  tempt  him  into  a  mis¬ 
taken  assessment  which  gives  undue  weight 
to  the  present.  However,  the  seeming  magic 
gilding  of  the  present  is  notoriously  unendur¬ 
ing,  and  soon  all  current  activities  must  be 
picked  over  along  with  the  entire  past  record 
for  those  simple  “  irreducible  and  stubborn 
facts”  which,  together  with  the  generalizations 
that  might  be  drawn  from  them  form  the 
basis  of  science,  according  to  Alfred  North 
Whitehead. 

In  what  follows  I  make  no  pretense  to  have 
achieved  any  completeness  in  regard  to  por¬ 
traying  the  current  status  of  knowledge  relat 
ing  to  the  general  circulation.  Moreover  it 


is  my  belief  that,  on  the  contrary,  any  aspi¬ 
ration  to  completeness  in  this  effort  would, 
of  itself,  militate  against  the  success  of  my 
plan,  which  is  to  select  only  certain  salient 
facts  and  to  present  them  simply  and  un¬ 
adorned.  In  this  way  it  may  perhaps  prove 
possible  not  merely  to  outline  a  wealth  of 
detail  but,  I  hope,  rather  to  achieve  some 
degree  of  perspective.  It  must  also  be  point¬ 
ed  out  that  my  remarks  are  directed  first  of 
all  to  those  who  have  at  least  in  some  meas¬ 
ure  studied  the  subject,  and  only  in  a  second¬ 
ary  fashion  to  those  who  wish  to  obtain  an 
initial  orientation  in  it.  Consistent  with  this 
statement,  background  material  will  not  be 
repeated  here,  except  as  specially  required. 

Let  us  now  direct  our  attention,  by  way  of 
suitable — or  even  necessary — preparation,  to 
what  might  be  understood  by  a  given  outlook 
upon  the  general  circulation.  Meteorology  is 
a  subject  which  includes  .the  study  of  the 
motions  of  a  mobile  fluid.  These  motions 
take  place  in  three-dimensional  space  and  in 
time,  in  accordance  with  the  mechanics  of 
Newton,  to  sufficient  accuracy  lor  our  pur¬ 
poses.  Under  these  circumstances,  there  should 
exist  no  impassable  barrier  to  the  formulation 
of  our  knowledge  concerning  the  motions  of 
the  atmosphere  in  terms  of  simple  actual  or 
mental  pictures.  Not  only  this,  but  it  is  my 
definite  suspicion  that  no  theory,  idea  or  other 
claim  to  insight  concerning  the  motions  of  the 
atmosphere  has  reached  a  final  degree  of 
crystallization  until  such  direct  physical  pic- 
turization  is  reached,  in  order  to  illustrate  its 
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content.  This  is  not  to  say  that  any  plausible 
method  of  deduction  or  other  form  of  argu¬ 
ment  may  not  be  employed  for  the  purpose 
of  discovering  new  characteristics  of  behavior 
of  the  atmosphere :  it  only  means  that  the 
final  result  concerning  our  physical  system 
should  give  us  physical  pictures.  Ordinarily 
then,  however  laborious  and  time  consuming 
the  various  historic  stages  of  the  evolution  of 
our  subject  may  have  been,  the  essence  of 
the  concepts  is  traceable  in  terms  of  fairly 
simple  pictures — perhaps  I  should  say  deceiv¬ 
ingly  simple  pictures,  when  one  thinks  of  the 
work  represented  by  them. 

The  need  for  underlining  the  last- mentioned 
state  of  affairs  concerning  general  circulation 
studies  is  to  be  regarded  as  symptomatic, 
inter  alia,  of  the  fact  that,  whether  we  like 
it  or  not,  meteorologists  have  been  struggling 
with  problems  of  the  most  primitive  kind 
concerning  the  motions  of  the  atmosphere — 
that  is  if  our  knowledge  is  to  be  appraised 
from  an  absolute  viewpoint.  The  questions 
at  issue  have  not  been  such  as  relate  to  some 
fine  points  concerning  a  general  scheme  that 
is  accepted  as  sound.  Rather  the  questions 
have  had  more  of  the  nature  as  to  whether 
some  crucial  portion  of  the  system  operates 
forward  or  in  reverse— in  other  words  the 
gross  shape  of  things  has  been  the  subject  of 
conjecture.  1  say  “  has  been  ”  advisedly,  be¬ 
cause,  as  will  be  more  apparent  later,  my 
belief  is  that  we  have  now  at  last  come  to 
final  grips  with  many  of  these  problems. 

Because  of  several  possible  ambiguities 
which  are  inherent  in  the  term,  I  have  thus 
far  avoided  use  of  the  word  theory  of  the 
genera!  circulation.  These  ambiguities  have 
been  touched  upon  by  Lorenz  (1954)  in  his 
discussion  of  energy  transformations.  What 
is  of  more  direct  concern  to  us  here  is  the 
question  of  what  is  the  de  facto  operation  of 
the  gross  air  motions  and  related  effects.  A 
theory,  let  us  say  having  the  form  of  a 
mathematical  model  of  some  physical  system, 
may  propose  a  certain  set  of  processes,  but 
is  subject  to  appraisal  of  its  merits  according 
to  two  criteria.  Are  the  proposed  processes 
the  same  as  the  de  facto  ones  ?  Let  us  say 
that  they  are;  then  there  is  the  further  ques¬ 
tion  wlietlife!  the  postulates  of  the  theory  are 


sound  and  the  deductions  rigorous  and  free 
from  error. 

Generally  speaking,  in  hydrodynamics  ail 
problems  dealing  with  the  flow  of  real  fluids 
(except  a  few  trivial  ones)  tend  to  be  of  vast 
complexity.  The  result  is  that  the  second 
necessary  criterion  for  a  successful  theory 
can  seldom  if  ever  be  rigorously  fulfilled  d 
priori  for  any  flow  even  approaching  the  in¬ 
volved  structure  of  the  entire  atmosphere. 
Under  these  circumstances  the  first  duty  of 
research  is  to  make  known,  in  terms  as  pene¬ 
trating  and  scientifically  useful  as  can  be  the 
de  facto  processes.  One  has  merely  to  reflect 
upon  the  array  of  actual  hydrodynamical 
phenomena  to  be  convinced  of  this  heuristic 
nature  of  the  theories  which  have  been  built 
to  represent  them.  The  more  theoretical  work 
I  see  done  concerning  the  general  circulation, 
the  more  I  am  convinced  that  it  represents 
perhaps  a  prime  example  of  how  only  through 
a  thoroughgoing  combination  of  empirical  know¬ 
ledge  and  abstract  principles  can  progress  be 
made  toward  a  unified  mathematical  model 
for  the  motions  of  the  atmosphere.  It  is  only 
for  an  unexamined  credulity  to  suppose  that 
the  present  position  in  this  subject  has  been 
reached  through  some  deductive  stroke  of 
genius  and  not  through  the  elaborate  use  of 
observational  pictures  at  practically  every 
step,  consciously  or  otherwise. 

Once  this  unity  of  progress  is  properly 
understood  and  appreciated,  there  arises  a  new 
level  of  awareness  that  enables  us  to  place 
historic  contributions  to  our  subject  in  their 
proper  settings.  We  see  that  the  limiting 
factor  always  has  been,  and  will  continue  to 
be,  the  completeness  and  accuracy  of  the  de 
facto  pictures  of  the  general  circulation,  al¬ 
though  some  words  of  qualification  are  needed. 
What  counts  are  not  mere  tabulations  of  data; 
it  is  their  intelligent  organization  according 
to  physical  laws  so  as  to  lead  to  physical 
depiction  of  relevant  processes  and  schemes 
of  motion.  These  are  then  to  be  juxtaposed 
in  order  to  compare  them  with  previous  pic¬ 
tures.  The  formalization  of  new  knowledge 
according  to  a  theoretical  presentation  then 
follows  almost  as  3  matter  of  course,  even 
though  the  developments  may  require  con¬ 
siderable  time  and  effort. 
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Why  is  there  this  ever  present  drive  for 
theoretical  presentation  of  material  which  has 
been  empirically  exhibited,  as  though  the 
intent  were  to  rediscover  it  more  properly 
by  seeming  selfsufficient  deductive  reasoning  ? 
Aside  from  practical  applications  which  often 
follow  directly  from  theory  (these  I  shall  not 
speak  further  about  here),  the  intrinsic  reason 
is  the  same  as  in  other  physical  sciences, 
namely  a  deep  craving  of  the  human  mind 
for  completeness  and  perfection  of  logical 
structure.  This  of  course  is  extremely  valu¬ 
able  because,  being  practically  always  incapa¬ 
ble  of  absolute  fulfillment  (especially  in  mete¬ 
orology),  the  residual  inconsistencies  always 
point  to  further  de  facto  features  of  the  real 
world  to  be  elucidated  empirically,  ideally, 
a  theory  of  the  general  circulation  should  pre¬ 
dict  (not  now  in  the  sense  of  a  weather  fore¬ 
cast)  certain  processes  in  the  atmosphere 
which  might  be  subsequently  detected  em¬ 
pirically.  Unfortunately,  due  no  doubt  to  the 
complexity  of  the  system  considered,  correct 
processes  have  thus  far  found  their  incorpo¬ 
ration  into  theoretical  models,  almost  without 
exception,  only  after  their  empirical  discovery. 
In  another  sense,  any  logical  system  of  this 
kind,  even  if  complete  and  self  consistent, 
represents  but  an  abstraction  taken  from  the 
real  world.  At  any  time  empirical  facts  may 
confront  it  with  phenomena  not  encompassed 
fay  its  self-sealing  structure.  This  has  hap¬ 
pened  often  in  physical  science  in  the  past, 
and  its  continuance  is  to  be  anticipated  as  one 
attribute  of  progress  and  growth. 

2.  The  concept  of  convection  in  the  general 
circulation 

At  the  root  of  all  organized  thinking  con¬ 
cerning  the  origin  of  the  large  atmospheric 
motions  there  has  always  been  the  notion  of 
a  convective  process  with  upward  and  down¬ 
ward  motions  of  air  of  contrasting  tempera¬ 
ture  in  different  regions.  Any  doubt  as  to 
the  correctness  of  this  approach  was  in  es¬ 
sence  removed  by  the  classic  studies  of 
Margules.  A  good  part  of  the  history  of 
meteorology  can  be  traced  in  terms  of  efforts 
to  determine  in  what  manner  this  basic  driv¬ 
ing  action  proceeds.  Since  vertical  velocities 
in  the  large  atmospheric  structures  are  so 
small  tliat  their  direct  measurement  is  not 


practical,  the  delineation  of  the  convective 
units  has  been — and  still  is — a  matter  of  infer¬ 
ence  from  other  measurements.  In  the  past 
some  of  these  indirect  attempts  have  been 
little  better  than  sheer  guesses.  Correspond¬ 
ingly,  the  mathematical  models  evolved  to  fit 
these  (as  we  now  know)  less  correct  arrange¬ 
ments,  while  interesting  and  ingenious  techni¬ 
cally,  are  henceforth  mainly  of  historical  im¬ 
portance. 

Chiefly  because  of  convenience  of  reproduc¬ 
tion,  I  have  selected  a  picture  due  to  Ferrel 
(1889)  as  typical  of  the  classical  scheme  of 
the  large  convective  overturnings  in  the  atmos¬ 
phere  (Fig.  1).  The  all-important  feature  con¬ 
tained  in  the  model  is  that  it  provided  for  the 
descent  of  cold  air  at  high  latitudes  and  a 
rise  of  warm  air  at  low  latitudes,  which  im¬ 
plies  a  conversion  of  potential  and  internal 
energy  into  kinetic  energy  a.  la  Margules  by 
zonally  symmetric  overturnings.  The  release 
of  energy  so  brought  about  is  supposedly  then 
fed  into  large  average  zonal  components  of 
motion,  as  will  be  further  touched  upon  in 
the  following  discussions. 


N 


S 

Fig.  1.  General  circulation  scheme  according  to 
Ferrel. 


Fig.  1  shows  the  so-called  Ferrel  cell  in 
middle  latitudes.  It  is  important  to  observe 
the  nature  of  this  feature  as  it  was  originally 
intended  according  to  Ferret's  later  and  more 
definitive  conceptions.  C-leariy  its  contribution 
to  the  energy  converting  process  spoken  of 
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above  is  negative,  i.e.,  to  change  kinetic 
energy  back  into  potential  and  internal.  How¬ 
ever,  due  to  its  small  vertical  and  meridional 
dimensions,  this  negative  effect  in  Ferrel's 
scheme  was  insufficient  to  interfere  materially 
with  the  dominant  positive  effect  mentioned  ear¬ 
lier.  Much  that  has  been  written  in  recent  years 
serves  to  blurr  this  essential  point  rather  than 
to  keen  it  in  sharp  relief,  as  clear  thinking 
on  the  subject  demands.  A  net  positive  energy- 
release  by  the  mean  meridional  circulations 
in  the  classic  schemes,  exemplified  by  this 
picture,  is  an  absolute  necessity  because  no 
other  means  are  included  to  provide  a  proper 
substitute.  Let  us  compare  this  with  modern 
views. 

One  feature  of  the  new  outlook  upon  the 
general  circulation  is  that: 

(A)  The  net  energy  release  by  the  mean 
meridional  circulation  is  in  all  probability 
slightly  negative.  This  implies  at  once  that 
other  components  of  motion  must  act  so  as 
to  provide  convective  overturnings  which  in¬ 
volve  smaller  cell  sizes,  and  release  enough 
energy  not  only  to  drive  the  global  circulation 
against  friction,  but  also  to  offset  the  braking 
action  of  the  mean  meridional  circulations. 

It  should  specifically  be  speiled  out,  more¬ 
over,  that  this  situation  results  because  the 
mean  meridional  circulations  contemplated  in 
the  classical  schemes  apparently  do  not  exist 
in  the  actual  atmosphere.  If  they  did,  their 
effects  would  inescapably  be  associated  with 
a  mechanics  of  the  generai  circulation  of  the 
classic  type  also  in  other  respects,  a  proposi¬ 
tion  by  now  known  to  be  diametrically  op¬ 
posed  to  the  facts  on  almost  all  important 
counts  (see  Starr  1955,  Pfeffer  1958).  Further¬ 
more  it  serves  but  to  confuse  the  issue,  so  as 
to  lose  sight  of  the  really  important  consider¬ 
ations,  simply  to  insist  that  after  all  there 
are  forced  meridional  circulations,  when  they 
actually  act  to  produce,  if  anything,  a  small 
net  negative  energy  transformation.  When 
such  isolated  arguments  are  made  in  a  spirit 
prejudicial  to  the  new  outlook  here  spoken  of, 
the  true  situation  is  beclouded  only  for  the 
undiscriminating  or  the  uninitiated. 

Another  feature  of  the  new  outlook  now 
follows  rather  directly  from  what  was  said: 

tB)  The  effective  convective  units  for  the 


release  of  potential  and  internal  energy  are 
are  systems  of  a  size  corresponding  to  the 
nonzonal  inequalities  in  the  atmospheric  mo¬ 
tions.  The  output  of  these  units  in  part  serves 
to  drive  the  average  zonal  easterlies  and  west¬ 
erlies. 

The  notion  that  disturbances  of  the  general 
proportions  of  cyclones  and  anticyclones  re¬ 
lease  potential  and  internal  energy  gained 
considerable  ground  in  the  past  generation  or 
so  in  connection  with  the  studies  of  polar 
front  phenomena.  The  realization  that  this 
energy  could  serve  also  to  drive  the  zonal 
easterlies  and  westerlies,  without  an  added 
net  release  by  mean  meridional  circulations, 
is  of  more  recent  origin,  however.  In  its 
nature  this  process  is  of  turbulent  character, 
irreducible  to  a  steady-state  motion  through 
any  reasonable  transformation  of  coordinates. 
Even  cursory  regard  of  the  day-to-day  vaga¬ 
ries  of  the  systems  on  weather  maps  is  suf¬ 
ficient  to  convince  one  on  this  score. 

By  this  time  more  detailed  approximations 
to  the  instantaneous  vertical  velocity  field 
over  the  northern  hemisphere  are  beginning 
to  be  available.  An  examination  of  such 
maps  reveals  at  once  the  pronounced  nonzonal 
character  of  the  distributions,  as  well  as  the 
predominance  of  high  wave  numbers  (perhaps 
around  ten). 

3.  The  concept  of  angular  momentum  bal¬ 
ance  in  the  general  circulation 

There  is  some  cause  to  speculate  that  at  a 
rather  early  date  certain  scientists  as,  e.g.. 
Sir  John  Herschel  and  von  Helmholtz  were 
concerned  in  some  detail  with  the  balance  of 
absolute  angular  momentum  in  the  atmos¬ 
phere.  Nevertheless  the  effective  study  of 
the  subject  from  actual  data  had  to  await 
more  recent  times.  In  our  deliberations  we 
thus  come  to  the  next  characteristic  of  the 
new  outlook: 

(C)  The  zonally  averaged  easterlies  and 
westerlies  do  not  receive  their  suppiy  of  abso 
lute  angular  momentum  to  offset  ground  fric¬ 
tion  through  the  action  of  the  mean  meridional 
circulations  as  necessitated  by  the  classic 
schemes.  Rather,  this  action  is  performed  by 
the  eddies,  i.e.,  the  nonzonal  inequalities  of 
air  motions. 


-680- 


What  Constitutes  our  New  Outlook  on  the  General  Circulation  ? 


The  entire  development  of  the  modem  view 
of  the  general  circulation  has  revolved  around 
the  study  of  the  angular  momentum  problem. 
This  was  true  of  the  contributions  of  Jeffreys 
(e.g.,  1926).  Application  of  mixing  length 
concepts  to  the  absolute  angular  momentum 
distribution  led  Arakawa  (1941)  to  propose  a 
scheme  of  general  circulation  mechanics  de¬ 
parting  from  the  classic  one  and  more  like 
the  modem  view.  (Apparently  without  at 
least  direct  mention  of  Arakawa’s  work, 
Lighthill  (1954)  repeated  somewhat  the  same 
contention.)  Rossby  (1947,  1948),  although  he 
did  not  treat  the  angular  momentum  question 
per  se,  nevertheless  sought  to  explain  the 
distribution  of  mean  zonal  winds  by  a  mixing 
theory  applied  to  vorticity,  obtaining  a  scheme 
which  again  departed  from  the  classic  picture 
in  the  correct  sense.  Once  the  true  character 
of  the  angular  momentum  balance,  as  stated 
above,  was  determined  directly  from  wind 
observations,  by  the  writer  and  others  some 
ten  years  ago,  it  became  evident  to  numerous 
people  that  the  most  basic  philosophy  of 
atmospheric  motions  was  in  imperative  need 
of  major  revision. 

Further  analysis  of  the  angular  momentum 
picture  from  observations,  notably  by  Saltz- 
man  has  concerned  itself  chiefly  with  the 
spectral  resolution  of  the  eddy  process  with 
respect  to  wave  number  around  latitude  cir¬ 
cles.  His  finding  some  two  years  ago  that 
wave  number  three  is  of  special  importance, 
immediately  was  an  aid  to  the  formulation 
of  mathematical  models  of  the  general  circu¬ 
lation  devised  by  Bryan  (1957). 

4.  Kinetic  energy  exchange  between  the 
eddies  and  the  zonally  average  easterlies 
and  westerlies 

The  interaction  between  the  eddies  and  the 
mean  zonal  flow  can  be  examined  not  only 
from  the  standpoint  of  the  flow  of  angular 
momentum,  but  also  from  the  standpoint  of 
the  kinetic  energy  of  the  wind  field  resolved 
into  these  two  parts.  This  view  involves 
concepts  relating  to  the  theory  of  turbulence 
as  discussed  by  Osborne  Reynolds;  however 
due  to  the  circumstances  of  our  problem  (to 
wit,  the  use  of  averages  with  respect  to  the 
length  of  closed  latitude  circles),  certain  of 


the  ambiguities  of  the  Reynolds  formulation 
automatically  drop  out.  The  contribution  to 
the  new  outlook  in  this  context  is  as  follows; 

(D)  The  transfer  of  angular  momentum 
across  latitute  circles  by  the  eddies  is  domi¬ 
nantly  from  zones  of  low  angular  velocity  of 
the  mean  zonal  winds  to  zones  of  high  angular 
velocity ;  thus  the  effect  is  precisely  the  reverse  of 
that  corresponding  to  a  frictional  dissipation 
of  kinetic  energy,  and  is  contrary  to  all  clas¬ 
sic  concepts  concerning  the  subject. 

The  concept  of  a  viscosity  of  one  sort  or 
another  is  of  common  occurrence  among  clas¬ 
sical  general  circulation  schemes.  In  order  to 
include  the  effect  here  spoken  of  by  means 
of  an  eddy  viscosity,  the  appropriate  coefficient 
would  not  only  need  to  vary  with  latitude  and 
perhaps  otherwise,  but,  most  important,  it 
would  have  to  be  dominantly  negative — some¬ 
thing  assuredly  not  contemplated  classsically. 

It  needs  to  be  expressed  explicitly  at  this 
point  that  the  probable  negative  conversion 
of  kinetic  energy  back  into  potential  and  in¬ 
ternal,  stated  under  (A),  is  directly  at  the 
expense  of  the  kinetic  energy  of  the  mean 
zonal  winds.  Since  the  only  effective  alter¬ 
native  manner  in  which  the  latter  energy  can 
be  maintained  against  friction  is  through  some 
type  of  eddy  action,  it  is  virtually  certain 
that  this  action  is  the  one  spoken  of  here. 

The  work  of  Saltzman  (1957a,  1957b,  1958) 
gives  the  result  that  wave  number  three  Is 
most  important  in  feeding  energy  into  the 
mean  flow.  It  does  not  of  necessity  follow, 
however,  that  in  the  atmosphere  the  scale  of 
disturbances  responsible  for  the  bulk  of  this 
energy  transfer  is  the  same  as  that  represent¬ 
ing  the  size  of  convective  units.  Many  con¬ 
siderations  suggest  the  contrary,  so  that 
there  probably  is  flow  of  kinetic  energy  from 
some  rather  high  wave  numbers  to  certain 
lower  ones.  Efforts  are  being  made  to  investi¬ 
gate  this  point. 

5.  Closing  Commentaries 

The  foregoing  material  comprises  one  kind 
of  summary  which  may  be  made  of  the  new 
outlook  upon  the  grossest  problem  posed  by 
the  science  of  meteorology.  The  sum  and 
substance  of  these  ideas  is  capable  of  formu¬ 
lation  in  other  fashions,  perhaps  more  formal 
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ami  sophisticated.  My  owa  propeasity  has 
however  always  been  to  give  perferencc  to 
those  versions  which  appear  to  me  to  be  the 
most  simple  and  show  historical  continuity, 
except  tor  specific  technical  purposes  where 
special  forms  are  often  expedient. 

it  is  a  rather  obvious  proposition  that  the 
several  ideas  put  forward  above  lend  them¬ 
selves  to  the  synthesis  of  new  over-all  schemes 
into  which  they  might  enter  without  much 
mutual  incompatibility.  In  this  work  there 
fans  been  of  late  a  noticeable  Quickening  of 
pace  which  has  bean  most  refreshing  to  me, 
and  has  served  to  confirm  estimates  which  I 
had  made  many  years  ago  of  the  importance 
and  necessity  of  investigating  the  de  facto 
processes  enumerated  here  as  a  basis  for  the 
proper  prosecution  of  such  projects.  It  is 
now  my  prediction  that  the  role  here  played 
by  these  inquiries  will  be  even  better  under¬ 
stood  as  time  goes  by.  To  those  of  my  col¬ 
leagues  and  friends  who  are  occupied  in  these 
enterprises,  I  wish  to  extend  my  sincere  best 
wishes  and  express  my  hopes  tor  a  rewarding 
future.  Indeed  I  trust  that  we  can  go  rather 
far  with  our  present  momentum.  However, 
jointly  with  these  efforts,  let  us  not  in  the 
future,  through  some  unwitting  narrowness 
of  approach,  again  become  remiss  in  what  I 
might  here  call  simply  the  interpretative 
branch  of  observational  meteorology,  so  es¬ 
sential  for  the  unity  of  progress. 

The  historical  vicissitudes  attendant  upon 
the  promulgation  of  almost  every  classical 
scientific  idea  of  consequence  are  so  singular 
that  one  is  tempted  to  think  a  moral  is  pointed 
up.  Superficialities  aside,  this  circumstance 
remains  unchanged  in  regard  to  basic  ideas. 
A  development,  doubtless  inevitable,  which 
has  accompanied  the  exposition  of  the  new 
trends  concerning  genera!  circulation  concepts, 
has  been  the  opposition  with  which  ideas, 
such  as  those  that  form  the  burden  of  this 
discourse,  were  greeted  from  the  outset.  I 
now  speak  not  alone  of  my  persona!  experi¬ 
ence.  In  spite  of  professions  to  the  contrary, 
the  first  devotion  of  the  human  mind  is  to 
established  moorings.  Conservatism  has  been 
the  more  instinctive  posture  for  people  whether 
in  science  or  otherwise,  and  nonconformity 
was  the  first  treason.  Although  this  trait 


probably  stems  from  some  profound  historic 
and  prehistoric  lessons  of  experience,  my  own 
personal  rationalization  of  it  would  be  but 
partially  set  forth  without,  at  the  very  least, 
further  reference  to  the  ingredient  perhaps 
best  expressed  in  a  quotation  from  our  New 
England  philosopher  It.  W.  Emerson:  “  St  is 
only  low  merits  that  can  be  enumerated. 
Fear,  when  your  friends  say  to  you  what 
you  have  done  well,  and  say  it  through;  but 
when  they  stand  with  uncertain  timid  looks 
of  respect  and  half-dislike,  and  must  suspend 
their  judgement  for  years  to  come,  you  may 
begin  to  hope.” 
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TRENDS  OF  THOUGHT  CONCERNING 
METEOROLOGICAL  RESEARCH 

i#v  Vktdk  I*.  Stabh  (*) 

.Summary  —  Certain  problems  of  synoptic  meteorology  relating  to  the  nature  of 
the  large  quasi-statiouary  cyclonic  and  anticyclonic  centers  aloft  are  examined  from 
the  standpoint  of  an  hypothesis  which  seeks  to  connect  their  maintenance  with  that  of 
the  smaller  transient  disturbances.  The  suggested  link  between  these  two  scales  of 
eddies  is  ill  many  ways  similar  to  that  operating  in  the  general  circulation  in  order  to 
account  for  the  sustained  existence  of  the  circumpolar  mean  zonal  motions,  according 
to  the  more  modern  concepts.  Newer  views  concerning  the  dinamics  of  large  convective 
processes,  and  the  essential  nonlinearity  of  the  laws  governing  motions  in  the  atmos¬ 
phere.  figure  importantly  in  the  arguments  advanced. 

Zuiammtnfastung  —  Oewisse  Probleme  der  xyuoptischen  Meteorologie  im  Zusam- 
rnenhang  mit  der  Natur  von  grossen  hnlb-stationareu  zykJonischeu  und  antizvklo- 
niochen  Zentren  in  der  hoheren  Atmospiiurc  werden  von  eincm  hypothetischen  Stand- 
punkt  aus  untcrsucht:  und  es  vvird  versucht.  deren  Bestehen  in  Zusammenhang  zu 
bringen  init  deni  \  orhandensein  von  kJcineren,  vortibergehenden  Stttrungen.  Der 
vorgeschlagene  Zusammenhang  zwiseben  die  sen  beiden  Arten  von  Wirbel  -  Systemen 
ahueil  in  vielen  Beziehungcn  der  allgeineinen  Zirkulution.  die  verantwortlich  ist  fur 
das  fortwahrende  Bestehen  der  zirkumpolaren  durchschniltlichen  zonalen  Striimungen, 
wie  sie  zufolge  inodernerer  Aufl'assungen  erklart  werden.  Neuere  Standpunktc,  die  die 
Dynamik  von  grossen  konvektiven  Vctrgangen  in  der  Atmosphere  und  die  riicht-linea- 
ren  Geselze  im  Hinblick  auf  die  -atmospharischen  Stromutigs-Ceselze  betreflen,  werden 
hauptsachlich  in  der  folgendeu  Abhandlung  untcrsucht. 

1.  Introduction  —  til  this  discourse  our  attention  will  be  limited  to  the  older 
and  more  standard  division  of  atmospheric  studies,  namely  that  dealing  directly 
with  the  synoptic  occurrences  which  appear  as  normal  features  on  weather  maps 
of  various  tvpes.  it  is  this  branch  of  meteorology  which  has,  through  the  years, 
formed  the  preoccupation  of  the  weather  forecasters  and  other  people  engaged  in 
various  related  practical  endeavors.  'R  e  shall  not.  on  the  other  hand,  consider 
the  many  newer  catagories  of  inquiry  which  hav  e  conic  to  the  fore  in  recent  years, 
to  a  large  degree  through  the  impetus  given  to  them  by  research  results  in  bran¬ 
ches  of  science  other  than  meteorology  proper.  We  thus  have  as  our  aim  the  discus¬ 
sion  of  perhaps  the  most  traditional  aspects  of  atmospheric  studies. 

If,  for  a  moment,  we  should  try  to  forget  our  scientific  sophistication  and 
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look  upon  that  which  our  synoptic  map*  show  through  the  eyes  of  an  intelligent 
neophyte,  what  we  see  must  appear  as  something  indeed  not  to  be  expected  on 
a  priori  grounds.  For  most  of  us  engaged  in  the  subject,  the  feeling  of  shock  of 
this  first  surprising  apprehension  has  been  dulled  through  prolonged  familiarity  — 
we  must  stop  to  think  in  order  to  regain  the  lull  sense  of  mystery  posed  by  the  so 
commonly  observed  happenings.  And  a  mystery  they  are  still,  however  much 
respect  we  may  feel  for  ail  the  studies  that  have  been  made  of  them  and  all  the 
light  that  has  thereby  been  thrown  upoh  their  workings.  What  makes  the  atmo¬ 
sphere  choose  a  mode  of  response  to  solar  heating  sermingly  so  sownright  fantastic? 

Let  us  examine  the  progress  that  has  so  far  been  made  along  the  path  to  be 
followed  in  order  to  solve  this  riddle,  or  if  not  to  solve  it,  at  least  to  make  it  some¬ 
what  less  of  an  enigma.  This  is,  of  course,  the  problem  of  the  general  circulation, 
because  all  modern  developments  point  to  the  idea  that  the  general  circulation 
ran  be  conceived  of  adequately  only  as  the  sum  total  of  all  the  motions  of  the 
atmosphere. 

Although  there  are  many  people  who  no  doubt  are  still  unconvinced  and 
would  perhaps  wish  to  take  issue  with  me,  I  believe  that  the  old  orthodoxy  regar¬ 
ding  the  mode  of  operation  of  the  general  circulation  has  effectively  been  laid  to 
rest,  ami  is  replaced  by  a  set  of  ideas  much  more  closely  in  accord  with  the  synop¬ 
tic  facts  of  life. 

We  shall  not  here  enter  into  various  extended  repetitions  of  materials  much 
elaborated  by  myself  and  by  others  elsewhere  (see,  e.g..  Star*  1958),  except  for 
those  portions  specifically  needed. 

The  essential  characteristics  of  the  new  outlook  which  we  shall  utilise  for  the 
remainder  of  our  present  task  are  two  in  number.  First,  it  appears  in  pertinent 
testimony  from  many  sources,  that  one  effect  of  the  rotation  of  the  earth  upon 
the  primary  convective  components  of  motion  in  the  general  circulation  is  to 
limit  the  horizontal  dimensions  of  the  convection  cells  (see,  e.g.,  Starr  1955, 
1959;  Kuo  1956).  In  its  most  striking  application  this  notion  is  exemplified  by 
the  modern  conception  that  cells  as  large  as  the  so-called  mean  meridional  circula¬ 
tion*  are  not  primary  convective  motions  in  the  atmosphrre,  in  direct  contra¬ 
diction  to  the  classic  expositions  of  the  subject.  On  the  whole  they  produce  a 
contrary  result,  that  is,  a  rising  of  colder  air  and  sinking  of  warmer  air,  and  must 
therefore  be  indirectly  forced  components  of  motion,  as  stressed  by  Charney 
(1951,  1956)  and  by  others  (e.g.,  Kuo  1956-a).  Actually,  speaking  now  in  terms 
of  harmonic  analysis  around  complete  latitude  circles,  the  effective  cell  size  of 
the  primary  convective  motions  is  associated  with  higher  wave  numbers  rather 
than  zero. 

In  the  second  place,  the  new  outlook  has  come  to  terms  with  the  undeniable 
proposition  that  the  motions  of  the  atmosphere,  once  generated,  are  subject  to 
laws  which  are  pronouncedly  and  inherently  nonlinear.  This  at  once  precludes 
any  a  priori  simplification  of  the  interactions  between  various  components  of 
motion.  Such  interactions  can  be  specified  only  through  their  evaluation  from  a 
tietailed  nonlinear  solution  —  in  li  d  from  the  true  solution  furnished  by  nature. 
Thus,  speaking  again  in  terms  of  a  Fourier  resolution  of  the  field  of  motion  around 
latitude  circles,  the  interactions  of  various  harmonics  with  each  other  cannot 
be  stated  without  extensive  investigations  such  as  only  modern  efforts  have  begun 
to  produce. 
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In  the  operation  of  the  general  circulation  the  principle  of  nonlinear  inter¬ 
action  has  found  a  striking  illustration,  in  the  maintenance  of  the  kinetic  energy 
of  the  mean  zonal  winds.  The  action  is  to  supply'  energy  to  the  zero  harmonic 
(the  zonal  mean)  from  the  energy  associated  with  higher  wave  numbers.  It  is 
therefore  apparent  that  the  two  principles  spoken  of  stand  in  a  complimentary 
relation  to  each  other,  since  it  is  the  higher  wave  numbers  that  are  associated 
with  the  primary  convective  actions  and  consequently  with  the  appearance  of 
kinetic  energy  in  these  same  scales. 

2.  Application  of  ihe  first  principle  to  synoptic  systems  —  It  would  be  rather 
singular  if  the  earth’s  rotation  were  to  interfere  with  the  convective  action  of  the 
mean  meridional  circulations,  and  leave  unhampered  all  other  large  atmospheric 
units  so  that  they  might  act  as  primary  convective  systems.  Instead,  it  is  much 
more  natural  to  expect  that  various  sufficiently  large  synoptic  circulations,  espe¬ 
cially  at  more  polar  locations  should  by  virtue  of  this  inhibition  be  rendered  inca¬ 
pable  of  serving  such  a  function. 

Through  the  years  I  have  kept  this  contention  in  my  mind.  Together  with 
many  co-workers,  I  have  made  it  a  practice  of  observing  with  some  regularity 
the  large  cyclonic  centers  at  upper  levels  over  Canada  and  other  northerly  loca¬ 
tions,  especially  during  winter.  The  general  impression  is  easily  gotten  that  these 
disturbances  have  relatively  cold  cores.  W’bile  at  the  same  time  ncar-saturation 
with  respect  to  moisture  seems  to  preclude  the  notion  that  this  cold  air  is  sinking 
and  spreading.  Rather  the  opposite  is  suggested,  namely  that  these  systems  ap¬ 
pear  not  to  behave  in  the  manner  of  energy  releasing  convective  units.  This  aspect 
of  the  subject  has  been  pointed  out  by  Reed  (1956). 

Dut  to  the  presence  of  only  extremely  small  amounts  of  moisture  iu  this  very 
cold  air,  no  dense  clouds  appear  to  form  in  accompaniment  to  the  slow  upward 
motions-  One  may  nevertheless  legitimately  raise  the  question  whether  enough 
condensation  products  in  the  form  of  fine  ice  particles  may  not  be  formed  in  order 
to  ascribe  to  this  cause  the  common  incidence  of  atmospheric  optical  phenomena 
at  higher  latitudes. 

On  the  other  hand,  it  has  long  been  standard  meteorological  information 
that  the  subtropical  anticyclones  have  in  them  at  upper  levels  comparatively  warm 
conditions  with  a  tendency  to  downward  vertical  motion  —  again  not  in  accor¬ 
dance  with  a  primary  convective  action. 

We  may  next  consider  where  indeed  do  the  direct  convective  actions  actually 
take  place.  Although  charts  of  (instantaneous)  vertical  motion  have  been  difficult 
to  secure  during  the  years  past,  we  are  beginning  to  find  ourselves  in  a  more  ior- 
tuaate  situation  in  this  regard,  thanks  to  the  developments  in  numerical  analysis 
on  a  hemispheric  scale.  A  sample  chart  of  this  kind  is  given  in  Fig,  1.  It  is  seen 
that  the  wave  numbers  around  the  hemisphere  characterizing  this  chart  are  rather 
high,  as  has  been  already  pointed  out.  It  is  apparent  that  the  cell  sizes  correspond¬ 
ing  to  an  instantaneous  picture  are  more  fine-grained  as  compared  with  the  large 
cyclonic  and  anticyclonic  disturbances  spoken  of  previously. 

It  would  thus"  appear  that  the  large  quasi-stationary  patterns  at  upper  levels 
in  the  troposphere  are  subjected  to  a  sort  of  parasitic  behavior  on  the  part  of 
smaller  more  transient  disturbances.  One  is  lead  to  suspect  that  we  have  here  an 
analogy  in  parvo  of  the  circumstances  studied  so  extensively  in  recent  years  rela¬ 
tive  to  the  general  circulation.  That  is  to  say,  the  available  potential  and  internal 
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Fig,  S  -  Distribution  of  the 
vertical  velocity  (cm  see-5) 
over  the  northern  hemisphe¬ 
re  at  600  sab  far  October  11, 
1958.  Computed  from  in¬ 
stantaneous  actual  data 
by  the  joint  Numerical 
Weather  Prediction  Unit, 
Suitland,  Maryland,  using 
a  two  parameter  model. 


Fig.  2  -  Three-dimen¬ 
sional  baroelinic  solu¬ 
tion  of  the  hydrodyna- 
tnicol  equations  for  a 
hemisphere,  devised  by 
Ur.  H.  L.  Kuo.  The 
pattern  may  be  either 
stationary  or  it  may 
rotate  with  a  uniform 
and  constant  angular 
velocity.  The  Lows  are 
cold  and  the  Highs  are 
warm. 
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energy  stored  in  the  large  scale  qimsi-si  at  binary  Luroclitiic  systems  in  the  atmo¬ 
sphere,  cannot  he  released!  through  primary  convective  processes  on  this  same 
scale,  but  requires  the  intervention  of  a  still  smaller  scale  of  disturbances  —  rhieflv 
the  traveling  wave  cyclones  —  to  accomplish  this  end  result.  We  could  here  again 
suppose  that  this  available  potential  plug  internal  energy  is  first  converted  into 
an  eddy  available  potential  plus  internal  energy  on  a  smaller  scale  prior  to  its 
relacsse.  The  comparable  concepts,  w About  this  finer  resolution,  tor  the  general 
circulation,  have  been  discussed  by  Stahu  (1954)  and  Lorenz  (1955).  In  this 
manner  the  baroelinic  energy  could  again  be  released  without  the  necessity  of 
having  the  large  scale  components  themselves  act  as  convective  units.  We  may  infer 
that  the  store  of  potential  and  internal  energy  of  the  gross  pattern  would  be  lin¬ 
ked  to  radiative  exchanges  and  the  processes  of  the  general  circulation. 

It  may  be  asked  whether  or  not  there  exists  more  direct  evidence  that  the 
pattern  of  flow  corresponding  to  quasi-stationary  large  disturbances  is  of  such  a 
dynamic  character  as  to  enable  it  to  exist  without  a  convective  release  of  its  own 
solenoidal  energy.  According  to  our  suppositions  such  a  persistence  should  be 
possible  as  a  rather  stationary  flow,  if  the  small  scale  parasitic  disturbances  are 
absent  —  and  if  friction  is  assumed  to  be  dispensed  with  for  the  moment. 

The  evidence  in  this  regard  is  fortunately  most  encouraging.  I*’or  precisely 
these  conditions,  iny  friend  and  colleague.  Dr.  II,  L.  Kuo,  has  demonstrated  that 
there  exists  a  solution  of  the  hydrody natnieal  equations  in  analytical  form  for  the 
atmosphere  over  the  hemisphere  which,  moreover,  is  of  the  desired  type  also  in 
other  respects.  In  actuality  there  arc  a  variety  of  such  solutions,  which  may  be 
thought  of  as  threeditncusional  baroelinic  counterparts  of  the  celebrated  hemis¬ 
pheric  solutions  of  Nf.amtan  (1946)  for  tile  case  of  a  barotropic  atmosphere.  The 
motions  arc  assumed  to  be  adiabatic.  Dr.  Kto  has  kindly  granted  me  permission 
to  reproduce  a  map  showing  one  of  these  theoretical  flows  in  Fig.  2,  from  his  manu¬ 
script  on  this  general  subject  (Kuo  1959).  Vi  ithout  a  doubt,  solutions  of  this  kind 
will  be  of  the  utmost  significance  for  the  further  understanding  of  the  general 
circulation  in  its  further  detail. 

3.  Application  of  the  second  principle  to  synoptic  systems  The  large  quasi-sta- 
tionarv  pattern,  exemplified  if  one  wishes  h\  Kuos  solution,  that  is,  devoid  of 
the  finer  structure,  could  not  persist  under  attrition  by  friction.  In  order  to  pre¬ 
sent  the  disappearance  of  the  pattern  i it  the  actual  atmosphere,  it  therefore  is 
necessarv  that  there  should  exist  some  method  of  maintaining  these  circulations 
through  the  utilization  of  the  kinetic  energy  developed  in  the  filler  seale  disturban¬ 
ces  by  primary  convective  activity. 

This  consideration  at  once  brings  us  face  to  face  with  the  proposition  of  apply¬ 
ing  the  principle  of  nonlinear  interaction,  between  the  motions  of  the  large  pat¬ 
tern  on  the  one  hand,  aiid  the  convert  ively  generated  motions  of  the  fine  structure 
on  the  other.  What  is  required  are  proper  eddy  transfers  of  nuuncruum  to  the 
large  cyclones  and  anticyclones,  and  also  an  associated  flow  of  kinetic  energy  from 
the  fine  structure  to  these  entities.  The  analogous  processes  lor  the  circumpolar 
vortex  have  been  announced,  for  example,  by  Stark  (1953-a).  If  comparable 
actions  exist  here  also,  then  the  more  complete  interrelationship  between  the  two 
scales  of  eddies  now  discussed  is  revealed  in  the  aspect  of  a  symbiosis,  rather  than 
a  simple  parasitic  feeding  of  the  smaller  on  the  larger.  A  number  of  my  assoeiates 
working  in  synoptic  research  have,  without  solicitation,  suggested  to  me  that  some 
such  process  seems  to  he  a  real  manifestation. 
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Apart  from  plausibility  and  apparent  necessity,  what  further  guarantees  or 
encouragement*  do  we  base  that  sue!)  a  view  is  dynamically  reasonable  and  repres- 
rats  i If  facto  reality?  The  application  of  the  angular  momentum  principle  to  actual 
observational  data  relating  to  systems  smaller  than  the  circumpolar  vortex,  and 
centered  at  arbitrary  geographical  locations,  has  been  dealt  with  l»y  several  writers 
in  recent  years.  Among  these  are  St  a  h  tt  (1953),  I.ORF.NZ  (1953),  S  A  lt/.ma  n  & 
Pfeffeh  (1955),  Saltzman  (1955).  and  Pfeffeb  (1958).  The  one  all-important 
fact  for  the  present  discourse  which  emerges  from  these  investigations  is  that, 
with  the  exception  of  the  inner  cores  of  hurricanes,  the  angular  momentum  trans¬ 
ports  take,  place  almost  entirely  by  horizontal  eddy  exchange  processes.  Beyond 
this  point  the  studies  mentioned  arc  not  too  well  adapted  for  our  present  uses, 
and  we  shall  have  to  look  to  some  others. 

For  some  years  now  my  colleague.  Dr.  B.  Saltzman,  has  been  engaged  in 
studies  of  the  hemispheric  circumpolar  vortex  through  the  application  of  the 
technique  of  spectral  analysis  to  the  momentum  and  energy  processes  involved 
in  the  general  circulation.  The  general  plan  of  this  type  of  investigation  from 
extensive  observational  data,  together  wit  It  some  partial  and  preliminary  results, 
was  prest  nted  by  Saltzman  (195?,  1938)  in  published  form.  Since  then  he  has 
collaborated  with  Dr.  A.  Fleishfr,  also  of  our  staff,  in  an  effort  to  treat  massive 
amounts  of  data  in  this  fashion  through  the  use  of  intricate  programs  for  a  high 
speed  computer.  The  preparation  of  these  programs  has  taken  over  a  year,  but  by 
now  some  results  are  beginning  to  be  available.  As  yet  much  e  ninot  be  said,  but 
it  does  alreadv  appear  from  the  Saltzman  and  Fleisher  statistics  that  some 
energy  is  iransfered  from  wave  numbers  around  ten  to  successively  lower  ones  and 
ultimately  to  wave  number  zero.  This  would,  of  course,  be  an  action  of  the  general 


Fig.  3  -  Streamline  pattern  con¬ 
struct  by  Dr.  B.  Saltzman  from 
an  analytical  expression  consi¬ 
sting  of  a  feu>  double  Fourier 
components.  Computations  from 
the  bsrotropic  vorticity  equa¬ 
tion  illustrate  the  nonlinear  in¬ 
teraction  of  the  harmonics  used. 


nature  spoken  of  above.  It  is  hoped  that  a  more  definitive  outcome  will  be 
forthcoming  shortly. 

Jn  a  recent  paper  Saltzman  (1959)  has  endeavored  to  examine  the  dynamic 
consistency  of  the  general  notions  described  here  by  devising  a  simple  model  of 
barotiopic  frietioniess  flow  in  order  to  illustrated  the  essential  points.  The  model 


-689- 


if!  defined  by  three  sets  of  double  Fourier  components  for  si  eye  lit:  rectangular 
region  of  a  plane  surface.  These  represent  (a)  a  mean  zonal  flow,  (b)  a  large  quasi- 
stationary  disturbance,  and  (c)  a  fine  structure.  Kinetic  energy  was  found  to  drain 
from  the  fine  structure  into  the  large  disturbance,  while  a  smaller  flow  takes  place 
from  the  large  disturbance  to  the  mean  flow.  It  goes  without  saying  that  iu  such 
a  barotropic  scheme  the  fine  structure  would  sutler  a  net  kinetic  energy  loss.  The 
probability  seems  good  that,  aa  a  first  approximation,  the  main  character  of  the 
nonlinear  interactions  here  considered  can  be  represented  by  suitable  barotropic 
processes.  With  the  kind  permission  of  the  author,  the  composite  stream  function 
picture  consisting  of  the  sum  of  the  three  cor-ponents  is  shown  iu  Fig.  3,  in  order 
to  display  its  general  similarity  to  charts  of  upper-air  flow. 

Another  extremely  interesting  barotropic  study  ha*  been  published  by  Martin 
(1958),  From  a  statistical  study  of  barotropic  forecasts,  for  the  northern  hemis¬ 
phere,  this  investigator  has  found  that,  during  the  iteration  process  the  kinetic 
energy  of  north-south  motions  in  what  would  correspond  to  our  fine  structure 
decreases,  as  it  does  also  in  Saltzman’s  model.  Due  perhaps  to  the  omission  of  the 
kinetic  energy  of  west-cast  motions,  no  corresponding  increase  in  the  (north-south) 
kinetic  energy  of  the  large  scale  disturbances  is  found  by  Martin.  On  the  whole 
this  study  is  most  suggestive,  and  work  of  this  kind  should  be  encouraged  to  the 
fullest  extent  possible. 

4.  Circumscription  and  critique  —  In  the  preceding  material  certain  separa¬ 
tions  of  scale  were  outlined  which  are  somewhat  too  distinct.  This  was  done  in 
order  to  permit  the  presentation  of  a  more  accessible  set  of  ideas  dealing  with  an 
idealized  scheme.  In  this  way  an  appeal  can  be  made  with  better  advantage  to 
the  general  experience  of  persons  engaged  in  synoptic  meteorology,  and  others 
who  are  interested  in  making  a  more  meaningful  interpretation  of  the  evolution 
normally  displayed  by  weather  patterns.  In  actual  fact  the  separation  of  scales, 
with  the  exception  of  the  zero  (hemispheric)  wave  number  perhaps,  can  be  effected 
most  satisfactorily  through  some  type  of  spectral  statistics.  There  are  any  num¬ 
ber  of  modes  for  doing  this.  As  one  good  beginning  we  may  look  forward  with 
anticipation  to  the  Saltzman  and  Fleisheh  statistics  mentioned  before,  although 
it  is  unclear  whether  their  formulation  is  the  one  best  suited  for  this  purpose. 

There  is  of  course  ample  evidence  in  what  has  been  said  that  the  genesis  of 
the  concepts  under  discussion  proceeds  from  the  much  discussed  newer  outlook 
concerning  the  general  circulation.  Likewise,  the  further  development  of  them 
unfolds  under  the  aegis  of  momentum  and  energy  considerations,  just  as  in  the 
latter  topic.  This  perhaps  should  not  be  a  cause  for  perplexity  to  the  philosophi¬ 
cally  minded  person,  in  view  of  the  fundamental  nature  of  these  two  quantities, 
both  in  classical  as  well  as  in  modern  physical  theory. 

It  must  be  realized  that  the  treatment  here  given  of  the  subject  discussed, 
constitutes  but  an  outline  of  a  field  of  investigation  which  could  become  extensive 
in  respect  to  many  of  its  possible  ramifications.  O’.servational  studies  are  at  once 
indicated  both  from  the  statistical  and  synoptic  sides  —  provided,  of  course,  that 
studies  be  properly  grounded  in  dynamic  principles.  Moreover,  various  theoretical 
investigations  could  be  initiated  in  order  to  round  out  and  complete  the  picture. 
On  the  one  band,  these  could  aim  at  the  more  precise  and  complete  portrayal  of 
individual  actions  inherent  in  the  general  scheme,  one  at  a  time.  On  the  other, 
more  comprehensive  composite  theoretical  structures  could  perhaps  be  devised, 
if  necessary,  reducing  the  complexity  of  each  action  to  its  barest  essential  minimum. 


-690- 


5.  A  prt&antd  memorandum  —  For  such  as  may  he  willing  to  listen,  1  wish 
to  place  before  them  a  few  of  my'  subjective  thoughts,  reactions  and  feelings  cuti- 
cemtuft  the  stale  of  devebpioest  which  has  been  reached  to  those  braoehes  of 
meteorology  touched  upon  ia  the  foregoing  material.  No  one  could  be  more  keenly 
aware  than  l  ant  of  the  fact  that  synoptic  meteorology  has  been  the  cutting  edge 
of  the  tool  with  which  we  have,  hy-and-iarge,  laid  open  the  main  mass  of  informa¬ 
tion  concerning  the  nature  of  the  motions  of  the  atmosphere.  The  program  of 
synoptic  meteorology,  forecasting  problems  aside,  has  been  one  of  exploration 
and  exposal  to  view  in  convenient  form,  of  the  prima  facie  evidence  about  the 
distribution  of  the  main  meteorological  variables  in  space  and  in  time.  The  pro¬ 
gram  is  not,  and  likely  never  will  he,  completed.  There  are  newer  and  newer  re¬ 
gion*  of  the  atmosphere  to  be  convassed  —  there  ia  fitter  and  finer  detail  to  be 
exhibited.  Also,  additional  variables  from  time  to  time  are  found  to  he  of  enough 
importance  to  be  charted. 

Once,  however,  returns  of  this  kind  are  hr,  synoptic  meteorology  must  secure 
the  aid  of  hydrodynamics!  theory  in  order  to  digest  it*  findings  further  —  synop¬ 
tic  meteorology  cannot  proceed  beyond  in  its  own  purity.  Neglect  of,  or  at  best 
improper  attention  to,  this  almost  platitudinous  statement  has  resulted  in  a  form 
of  stagnation  that  has  come  to  be  accepted  even  in  a  sense  as  a  standard  situation. 
Hence  the  imposing  mass  of  banalities  in  the  literature  of  meteorology  comme  il 
font.  Our  dynamicist  shares  to  a  large  degree,  the  onus  for  such  conditions. 

What  has  been  lacking  during  the  past  —  with  worthy  and  notable  exceptions. 
Jet  it  be  said  —  is  the  proper  kind  of  rapprochen  e.ru  between  synoptic  and  dynamo- 
meteorology.  This  should  be  a  union  based  on  mutual  compatibility,  not  a  shotgun 
wedding.  On  the  one  side,  the  synoptic  meteorologist  has  tried  to  extort  from  is 
theoretical  colleague  answers  to  those  specific  problems  whose  effective  treatment, 
if  achieved  now,  would  pre-empt  in  advance  all  the  slow  progress  we  might  realis¬ 
tically  expect  to  make  in  a  hundred  years  to  come.  What  desperations  have  been 
the  consequences.  On  the  other  sine,  the  all-too-often  ethereal  and  esoterically 
vapid  pronouncements  served  up  by  the  dynamic**!,  as  insistent  offerings  to  the 
more  practical  man,  have  induced  in  the  latter  something  vaguely  like  intellectual 
•disorganization,  not  to  mention  the  grotesque  deterioration  of  his  vocabulary. 

But  I  do  not  wish  to  exaggerate.  It  may  be  that  my  appraisals  are  formed 
from  experience  of  a  dated  vintage,  and  that  a  certain  amelioration  has  stolen  in. 
Not  that  there  is  little  left  still  to  be  tended  to,  but  a  closer  look  does  suggest  the 
emergence  oi  a  changing  attitude.  There  are  signs  of  the  stirrings  of  a  new  Zeit¬ 
geist  in  meteorology,  which,  let  us  hope,  will  replace  the  old  and  habitual  frustrat¬ 
ions  by  a  new  spirit  of  enterprise  and  adventure.  For  my  part,  it  is  a  laith  that 
there  is  room  for  enterprise  and  novelty  not  ot  a  cheaply  spectacular  kind,  which 
alone  furnishes  me  with  an  adequate  motive  to  continue  my  research. 
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